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PREFACE TO THE SECONI> EDITION 

In the second edition of tliis textbook the authors liave maintained the 
viewpoint and the aims of the first edition: a textbook, intnxluctory in 
level, that will ser^’e primarily for classroom use, and only secondaiily 
as a reference text. They have been mindful of the re(iue.st that the new 
edition present greater amounts of detailed description and that it cover 
aspects of the field not treated in the first edition — that it include, for 
example, “full details of meristem development” and a discussion of the 
structure of chimeras and their significance. The inclusion of such addi- 
tions is obviously impossible in a book of this type and size. 

Since the preparation of the fir.st edition, there has been marked prog- 
ress in our knowledge of certain fields of plant anatomy, especially cell- 
wall origin, development, and structure; meristems; phloem; leaf develoT>- 
ment; abscission; flower and fruit structure. The authors have incorpo- 
rated into the new edition as much from this material as in their opinion 
properly belongs in this book. These additions have increased the length 
of most of the chapters, and in an effort to keep the book at 
approximately its original size. Chap. XV— A Sketch of the History of 
Plant Anatomy— has been omitted because, although of general interest 

It IS not essential to the student in gaining a w^orking know'ledee of 
plant anatomy. ® 

A few changes have been made in the terminology used in the first 
edition. Some changes have been made because the stmcture of certain 
cells and tissues, such as the phloem, is more fully understood today than 
m ipS; other changes have been made so that the terminology of the 
textbook conforms with a glossary of terms used in describing wood 
adopted by the International Association of Wood Anatomists 

The authors w-ish to acknowledge the help of Dr. Antoinette M 

men '"T «®P®«ally helpful in the 

preparation and reading of the manuscript. They are also greatly in- 

debted to Mrs. Rita B Eames for her assistance with the preparation am' 

improvement of the illustrations and her supervision of the manuscript 

Phe authors also wish to thank W. R. Fisher for his interest and coopem- 

tion in making many of the photograplis in this book. 


Ithaca, .\.Y., 
■/"/'A 1!)47. 


Akthur .1. E.vmes 
Laurence H. jVI,\cD.aniees 
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In presenting this book the autlioi's liope to fill n ikmhI for a textbook 
in plant anatomy of a type at present not available — a ncaai which th(‘\', 
as teachers in this field, have keenly felt. Xot only, however, in their 
opinion, is there need for a book for class study and guidance, but also 
for one which shall serve as a reference text for woi kers in fiidds of ai)])lied 
botany, and for teachers and students in other fields of pure botany. 
A double purpose, therefore, has been keiit in mind in the preparation of 
the book. In the treatment of the subject matter, howevei-, emphasis 
las been placed on adaptability to classroom use from the standpoint 
of the student beginning anatomical study. Thus, the book is, first of 
all, a textbook in the elements of plant anatomy— an introduction to the 
field. It presupposes an actpiaintancc only with the fundamental struc- 
ture and activities of plants — an acquaintance such as is ordinarily 
obtained from a first course in botany. 

Though the book is thus introductory in nature, it is believed to 
embody a fairly comprehensive treatment of the fumlamental facts and 
aspects of anatomy to be, in fact, so inclusive as to incn ide a working 
basis for independent study. Yet it does not lay claim t o t he exposit ion 
in detail, of the known facts and the theories concerning any structural 
features. So great is the number of recorded facts, and so confu.sed is 
the terminology of anatomy, that a treatise approaching completmie.ss 
in the presentation thereof would not bo usable as a textbook. Further 
the anatomy of vascular plants, especially that of the angiosperms is’ 
m detail and in some broader features, still hirgelv unknown. It is thus 
obviously impossible to present data covering tl'ie facts and structural 
features which will be met by the student in later work. It is, further 
the firm opinion of the authors that the student of anatomv should not 
learn facts primarily, but should be taught self-reliance in the studv of 
plant stnicture through training in power of observation and interpreta- 
tion. I herefore, the book is not a compendium of facts 

Training which results in imlependence in the stu.ly of anatomv is 
o cour.se, secured only by laboratory iiracticc. On such practice tin’ 
authors believe emphasis must be placed, anil not on lectures, text studv 

XJ V ’'7' "" background of facts, terms, history, etc.; it mav, 

ndeed, be used, in part, as a laboratory guide. The secpience of sub- 
jects adopted IS that which in the experience of the authors has been 
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found most satisfactory in laboratory work. Such material as is specif- 
ically mentioned, or is used for illustration, suggests only in a general 
way the range and the amount of material that may be used in a first 
course in plant anatomy. It is not necessaiy, nor is it even desirable, 
that the same plants be used in the classroom. Any available material 
may be used, and, by comparison with the descriptions and illustrations of 
the text, the teaching can be made more effective. The authors in their 
own classes use considerable material, sufficient to cover so far as possible 
the range and type of variation in each structure. An acquaintance with 
variation is thus acquired by the student, and a power of interpretation 
is given by practice with many examples, so that he is enabled thereafter 
to interpret wholly new material. 

As a reference book, the synoptical treatment of the more important 
facts, usage of terms, present status of opinion, etc. should render the 
book generally useful. More detailed information may be obtained, of 
course, from the larger reference works, though often it is only to be 
found in papers and articles of limited scope. A certain small amount of 
material embodied in the book represents the result of unpublished 
research and observation on the part of the authors, or represents their 
personal opinions. 

Except for an occasional mention of lower forms, the structure of 
vascular plants only is considered, since the histological structure of the 
thalloph^des is usually not complex. Where it is, the method of study 
and the terms applied to cells and tissues in higher plants may generally 
be used. In the selection of forms for illustration there have been 
chosen, so far as available material has permitted, well-known or eco- 
nomically important plants. 

The viewpoint of the treatment is fundamentally that of descriptive 
morphology, that is, of existent form and structure. Ph3"siological anat- 
omy regards form but little; yet an understanding of form and of struc- 
tural relationship must precede all valuable anatomical stiKh\ The 
ph^’^siological aspects and the practical bearing of the subject matter are 
discussed briefly", and incidentally to the general treatment. Compara- 
tive morpholog3^ is made use of whenever an understanding of phjdoge- 
netic development helps to make structural complexitv^ clear. A textbook 
written on the basis of descriptive morpholog^^ the authors believe 
to be most generally useful. For students going be\"ond the introductoiy 
steps in anatomy, however — either into the various fields of applied 
subjects, such as pathology' and horticulture, or into an^^ field of the pure 
science — a complete understanding of moi*phological modification and 
variation can be obtained onl^^ through the consideration of the phv- 
logenetic history of the structure in question. 
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The book does not pretend to present the historical development of 
our knowledge of the field, or of any phase or part thereof; nor are the 
contributions of prominent students brought out as the work of individ- 
uals. The present status ot knowledge and opinion is made the first 
aspect of treatment; secondarily, other viewpoints are considered. Cliap- 
ter XV, however, outlines the history of the subject, and deals briefly 
with the contributions of some of the earlier prominent students of 
anatomy. This historical sketch is placed at the end of the book, since 
the beginning student may best make use of it only when he has acquired 
an understanding of the subject matter. 

Owing to the state of confusion which exists in the terminology of 

anatomy, it has in many cases been necessary to evaluate the different 

uses of terms. For use in the book, those terms have been accepted 

which seem best on a basis first of morphological usefulness and secondly, 

of priority; in a few instances the histoiy and the use of a term are briefly 
discussed. 

Since the book is primarily an elementary text and not a text for 
research reference nor for the use of advanced students, the bibliography 
has been kept at a minimum. After each chapter there are listed a few 
of the more recent and more important books and articles — and some- 
times those valuable for their own bibliographies — dealing with the sub- 
jects discussed in that chapter. By reference to these, students may 
obtain longer lists. Such a method of citation naturally often excludes 
the older, '‘classic’’ treatments. To the first chapter is appended a list 
of texts which are generally useful for some or for many phases of the 
subject. Reference to these texts is not repeated after the various chap- 
ters, except where the book in question deals particularly with the subject 
matter of a chapter. 

The common names of plants have for the most part been omitted 
from the text. They may be sought in the index, as such, and also under 
the generic names with winch they are associated. 

In present-day botany, the terms “anatomy” and “histologj'” are 
often loosely used. To many botanists the study of the internal stiuc- 
ture of plants is unfortunately known as histologj'. This is doubtless 
due m part to the fact that histology deals with the structure of cells and 
tis.sues— internal structure meaning this and little more — and in part to 
the fact that the grosser internal structures, such as steles and ti-aces, ha\-e 
been consistently neglected in courses in “histologx^” The study of 
these features ot grosser internal structure, and sometimes of those of 
c.xtenial make-up also, have been looked upon as “anatomy.” .\natomy 
imvever, deals with the structure of organisms, structure both gross and 
minute, external and internal. Histology, which deals with the minute 
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structure of organisms, is, therefore, a part of the broader field of anatomy. 
An understanding of the structure of a plant obviously cannot be obtained 
from the study of minute features alone. Thus, a treatment such as is 

here presented is anatomical rather than histological, and the book is, 
therefore, a text in Plant Anatomy. ’ 

In so fai as the tieatment in its histological aspects deals Avith the 
structure of cells— especially wherever the protoplast is concerned— it 
enters the field of cytology; and cytology in recent years has become an 
independent division of biological science. Cytological aspects of ana- 
tomy, therefore, need not be considered, and have been omitted from the 
discussion except in so far as they are essential to histological study. 
An aibitiaiy limit has necessarily been set to the description of the cell. 
The protoplast is very briefly discussed, except for the paragraphs on 
plasmodesma, plastids, and cell inclusions; nuclear division is omitted 
since it is ordinarily taught in first courses in botany, and again in greater 
deta,il m cytology. The wall, however, which, aside from aspects of 

origin and early development, is usually considered by cytologists as a 
histological feature, is more fully treated. 


The illustrations have in large part been made directly from the ma- 
terial itself. The explanation of the figures is placed chiefly in the leg- 
ends. With a few exceptions, the drawings are the work of the authors 
themselves and of IMrs. Rita Ballard Eames to whom the authors are 
greatly indebted for invaluable assistance and suggestions. The helpful 
ciiticism of theii colleagues the authors also desire to acknowledge. 


Arthur ,I. Eames 
Laurence H. MauDamei.s 


Tthaca, X.Y., 
July, 1025 . 
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“I know it will be difficult to make observations of this kind 
upon the OvQdTvtcoX Pcivts of PlcLtitSy severally. ... For what we 
obtain of NdtuTCf we must not do it by commanding, but by court- 
ing of Her ... I mean, that where ever Men will go beyond 
Phansie and Imagination, . . . they must Labour, Hope and 
Persevere . . . And as the means propounded, are all necessary, 
so they may, in some measure, prove effectual. How far, I promise 
not; the Way is long and dark ... If but little should be 
effected, yet to design more, can do us no harmi For although a 
Man shall never be able to hit Stdrs by shooting at them; yet he 
shall come much nearer to them, than another that throws at 
Apples.'' — Nehemiah Grew, The Anatomrj of Pldnts, 1682. 
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CHAPTER T 

GENERAL STRUCTURE OF THE PLANT BODY— AN OUTLINE 


Among vascular plants there is very great diversity in size, form, and 

structure; yet, underlying the variations in form and the complexities 

in structure in the plant body, there is a simple, uniform, structural 

plan. The body consists fimdamentally of a cylindrical a.vis which bears 

lateral appendages. The more or less free branching of the axis and the 

variety and complexity of the appendages, however, often conceal thi.s 
simplicity of plan. 

Fundamental Parts of the Plant Body.— The axis, though a continu- 
ous structure, consists of two parts, different structurally and physiologi- 
cally, and clearly morphologically distinct: that portion which is normally 
aerial is known as the stem, and that portion which is subterranean is 
called the root (Fig. 1). The appendages are of three ranks. Those 
into which pass strands of vascular tissue may be said to be of the first 
rank, and are known as leaves. Appendages of this type are characteris- 
tic of the stem and do not occur on the root. The^^ are arranged in a 
definite manner, and bear an intimate structural relation to the skeleton 
of the axis. The leaf may be looked upon from the standpoint of the 
present treatment as a lateral expansion of the stem, continuous with it, 
in the formation of which all fundamental parts of the stem are con- 
cerned. In the appendages of the second rank only the outermost layers 
of the stem, the cortex and the epidermis, are usuall}' present. These 
are known as emergences; the prickles of the rose are a familiar example, 
n appendages of the third rank, projections of the outermost layer of 
cells only are present; these form hairs. Emergences and hairs occur on 
both axis and leaves, usually without definite arrangement. 

The Axis. — The axis itself consists of a central core with a surround- 
ing, ensheathing layer. This core serves chiefly the important functions 
o conduction and support; it contains the vascular tissue and the largei* 
Pait of all the supporting and conducting cells of the mature axis- 
ecause of its shape and its position in the axis, this central unit mass is 

v'vT ceritral cylinder, or stele (Fig. 2). The surrounding layer, 

I' ich serA^es for protection, support, storage, and for other purpo.ses, is 
c cortex, the outermost layer of cells is the epidermis. 

The Stele.— Primarily, the stele is composed of vascular tissue of 
wo types: that which conducts water and other substances absorbed 
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from the soil, the xyletn; and tiiat which carries the food (and jjossibly 
mineral nutrients), the ph/octn, Xylem and phloem nearly always occur 
together, usually side by side radially, the phloem outermost (Fig. 2). 
These tissues together may form a solid rod, a hollow cylinder, a sheath 



Fig. 1 . — Diagram of plant body, showing fundamental parts. 

t 

of more or less symmetrically placed strands (Fig. C6), or a group of 
scattered strands (each consisting of xylem and phloem). Where the 
arrangement of the vascular tissues is such that they enclose tissue of a 
different type, usually soft and loose, a central portion, the pith, is set 
off Outside the external conducting cells and forming the outermost 
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part of the stele are a few layers of nonconducting cells, the pcricycle. 
1 he pericycle is usually limited extei nally by a definite uniseriate sheet of 
cells of peculiar structure, the cndodcrmis. The vascular core is thus 

ensheathed by the pericycle in a way similar to that in which the stele is 
enveloped b}" the cortex. 


A 


B 



epidermis 
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endodermis 

- pericycle 

primaru 

phloem 

secondary 
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- cambium 

secondary 

xylem 

primary 
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2. Diuj^rain showing stnictiire of axis 


1, ti aiisvoise section; B, longitudinal section 


Primary and Secondary Growth. — An axis complete in all the 
structural features abo\'e mentioned and with complete appendages is 
built up b}^ growth at the growing points, situated at the tips of the axis. 
Jhis first-iormtid body is known as the primary body, since it is built 
'T by first, or primary, growth. Its tissues are, for the same reason, 
'iiown as primary tissues; for exainph*, th(‘ first -formed xylem is called 
yrnnary xylem. In many vascular plants the primary body is reinforced 
by a (liffenuit sort of growth, which because it begins later and adds to 
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the original primary tissues is called secondary growth. The tissues thus 
formed are termed secondary tissues. Secondary growth does not usually 
form new types of cells, but merely increases the bulk of the plant, espe- 
cially of the vascular tissues, providing new conducting cells and addi- 
tional support and protection. It does not fundamentally change the 
structure of the primary body. Primary growth increases the length of 
the axis, laying down its branching sj’stem and adding its appendages; 
that is, it builds up the new, or young, parts of the plant body. After 

the parts thus formed have attained 
full size, additional increase in diam- 
eter is secured only by secondary 
growth. 

The secondaiy vascular tissues are 
foi*med by a specialized gro\ring layer, 
the cambium^ which arises between the 
primary xylem and the primaiy 
phloem, and lays down new xylem 
and phloem adjacent to these. The 
secondary masses of xylem and 
phloem lie, therefore, entirely within 
the central cylinder and between the 
primary phloem and primaiy xylem. 
The newly formed xylem cloaks and 
ultimately completely surrounds the 
primary xylem and the pith, not 
changing the primary structure with- 
in, but burying it intact. The pri- 
mary phloem and all other tissues outside the cambium are forced 
outward by secondary growth and may be ultimately more or less dis- 
torted or destroyed. The primary growth of a given region is completed 
in a relatively brief period, whereas secondary growth continues for a 
longer time, and in perennial axes may persist indefinitely. 

Constitution of the Plant Body. — The root, stem, and leaves of a plant 
constitute its organs. These perform distinct, general functions for 
which they are adapted by the kinds, proportion, and arrangement of the 
tissues of which they are composed. The tissues have more restricted 
functions, which are determined by the kinds of cells that constitute them. 
The plant body thus consists of cells that, aggregated, form tissues; these 
grouped together, form organs. 

Methods of Studying the Anatomy of the Plant. — The principal 
methods of studying the minute structure of the plant body are by means 
of thin sections of plant material and macerations in which the individual 


transverse 



Fig. 3. — Diagrammatic sketch of a 
cylinder of wood, to show transverse, 
radial, and tangential planes of section. 
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cells are freed from one another. Moreover, for adecjuate comprehension 
of the complex structure of most parts of the plant, study of sections cut 
in more than one plane is necessary. For the axis— a cylindrical struc- 
ture — three planes, each at right angles to the other two, are most useful. 
One plane is transverse to the long axis; the others are parallel with the 
long axis, that is, longitudinal. Of the two longitudinal planes, that 
dividing the cylinder radially is the radial plane, and that at right angles 
to the radial plane is the tangential plane (Fig. 3). Sections cut in 

these planes are known as transverse (or cross), radial, and tangential sec- 
tions respectively. 
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CHAPTER II 


THE CELL 

Plants and animals are made up of living substance, protoplasm^ and 
its secretions. The body of an organism, fimdamentally a protoplasmic 
structuie, is of complex organization in that, except in the simpler forms, 
it consists of mtoy more or less independent parts or imits. These parts, 
which are clearly units both of structure and of function, are termed cells. 
The structural distinctness of the cell — in plants especially — is due in 
large part to the presence of an outer layer, or coat, the cell wall, which in 
plants is usually firm, and often hard and thick: in animals, delicate or 

I •' ' 

lacking. The functional distinctness of the cell depends in part upon 
the presence and properties of an outer, limiting layer of specialized pro- 
toplasm lying just wthin the wall, the plasma membrane (page 13). The 
cell wall closely invests the protoplasmic unit, thus separating the proto- 
plasm of one cell from that of adjacent cells. This separation is incom- 
plete, however, since very minute perforations occur in the wall. Through 
these perforations extend thread-like processes of protoplasm, the plas- 
modesmata (page 35), which secure the continuity of the living matter of 
one cell with that of contiguous cells. The protoplasmic body of an 
organism is thus a continuous living system, though its indi\ddual parts, 
the cells, are definitely set apart by cell walls. 

Uses of the Term “Cell.” — The term ‘^cell” has, in its different uses, 
sometimes included and sometimes excluded the cell wall. Early students 
of plant anatomy, seeing cells only when the walls were thick and visible 
at low magnification, called these structures ‘‘cells,” “pores,” “bladders,” 
and described their contents as nutritive juices. The walls were the 
prominent part of these “receptacles.” WTien the cell content was 
recognized as the essential part of the cell, attention turned to it as “the 
cell.” Following this recognition of the protoplast as the fundamental 
unit, the term “cell” was often used to designate the protoplast alone. 
In the more common sense, however, the term implies protoplast plus 
wall — these together constituting the obvious imit of structure (Fig. 4), 
a imit for which there exists no term if “cell” is restricted in use to the 
protoplast alone. The term is further applied even to units of wall alone, 
as, for example, to the tracheid where the protoplast has disappeared, 
leaving within the walls a cavity, the lumen. The use of the term “cell” 
to indicate both protoplast and wall is desirable in view of the difficulties 
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cell v^all— 
cNorophsi- 

Cyhoplasm- 
nucleus — 


of expression otlierwise involved and also in view of the intimate relation- 
ship between the two. dlie eloscniess ot this relationship is not yet tully 
understood. rr)ssibly the wall of a livin<>; cell is not merely a nonliving, 
external secretion of the protoplast, but is itself partly protoplasmic in 
nature. The use of the term to include both ])rotoplast and wall is, of 
course, less strict than that underlying the freciuently us(‘d definition of 
the cell as ‘^an organized and more or 
less independent mass of protoplasm 
constituting the structural unit ot an 
organism.’’ Xev(‘rtheless, from the 
standpoint of anatomy, the term is 
better used in the loosei* and mor(‘ 
comprehensive sense; it is so used in 
this text. 

Cellular Complexity of Plants. — 

The primitive organism was doiil)tless 
unicellular or, in a sense, noncellular. 

The larger body of more advanced 
types is multicellular and the cells 
are limited by walls. The walls per- 
haps separate regions of activity ot 
individual nuclei but certainly serve 
also for protection and sui)port to the 
individual protoplasts and to the 
entire organism. Apparently, this 
walled condition is of great importance 

in large plant l)odies both from the standpoint of mechanical stability 
and of ph3^siological delimitation, (dearly, adaptation to a terrestrial 
and aerial habitat and the maintenance of a large body under conditions 
unfavorable to protoi)lasm have resulted in the specialization of the cell 
along various lines, especialh' those involving elaboration of the wall. 
Hence, among higher j)lants there are many kinds of cells with imudi 
variety in function, structure, arrangement, and with a great deal of 
complexity of wall structure, \diriety, both structimal and functional, 
ui kind of cell; variety in relation of cells to one another; variety in 
arrangement of c(‘lls and of systems of cells with relation to one another 
and to the body as a whole — these give great cellular com})lexit3" to the 
uiore highly organized j)lants. Indec'd, it may be said that in a general 
''ay the higher the plant, ])hylogenetically, the more complex its cellular 

structure. 

Cell Arrangement. — Kegulaiity of ari’angement of cells is brought 
about by successive divisions in the same i)lane (Figs. 41, 92). Such 



Fk;. 4. niuKiatiunatic repiesoiita- 
tion of inatiiie niosoplixll roll oi)OUO(l to 
show contial vaoiiolo (fillod with roll 
sap), miolous and plastids oinhoddod in 
tho peripheral cytoplasm; wall thin. 
{lid tied on Zen.) 
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arrangement is characteristic of secondary tissues (those formed by a 
cambium or similar meristem) (Chap. VI) and is occasional in primary 
tissues (page 62), especially those of pith and cortex. But most primary 
tissues lack S3^mmetncal arrangement and secondary tissues may lose 
this during development./^ Regardless of regularity or irregularity of 
arrangement and of the method of origin, a group of cells may be com- 
pactly arranged forming a close tissue continuous in one or more planes 
or the3^ may be more or less free from one another, vdth the resulting 
formation of intercellular spaces (page 29) between them (Figs. 43, 173). 
Such spaces vary in shape with, the shape and arrangement of ^e sur- 
rounding cells, in continuity, in abimdance, and in size from microscopi- 
cally minute openings to very large spaces which render the tissue in which 
they lie loose, spongy, and light (Figs. 149, 183). Such large intercellular 
spaces are knovm as air chambers, canals, lacunae, etc. These terms are 
applied rather loosely — the larger spaces being called chambers and the 
much elongated ones canals. Spaces formed by the separation of walls 
followed by the retraction of the separated parts or by spatial movements 
of the cells are said to be schizogenous; for example, the resin canal of 
Pinus (Fig. 55R) and the spaces of the aerench3mia of Decodon (Fig. 184). 
Others, developed 63^ the destruction of cells formerly occup3dng the 
position of the ca\dt3'' are called lysigenous; for example, the oil cavities 
of citrus fruits (Fig. 55F). Some cavities are formed 63^ a combination 
of these two methods and have been called schizolysigenous. Some pro- 
toxylem lacunae (Fig. 64c) are of the last t3"pe. The intercellular spaces 
of a region may be without uniformit3^ in size and shape or in arrangement 
of the cells surrounding them; they may, on the other hand, form definite 
structural features of a tissue or organ because of the development about 
them of specialized limiting or supporting ‘Svalls,^^ or layers of cells, such 
as the diaphragms of man3^ aquatic plants. Intercellular spaces com- 
monly form definite systems and constitute, perhaps, fimctionally con- 
ducting or aerating systems. Special t3^pes of intercellular-space systems 
form ducts and canals (Chap. IV) with cells regularly arranged about 
them forming a sort of epithelial lining. 

Cell Shape. — Because protoplasm is of semifluid nature, cells when 
free and independent tend to be spherical. But where 3^oimg cells of the 
same type and essentially the same age lie together and grow in size, 
mutual contact and compression render them pol3"hedral vdth diameters 
nearl3'^ alike. Further growth toward individual or group specialization 
in relation to specific function leads to great variety in form — ovoid, 
ellipsoid, cylindrical, tabular, prismatic, lamelliform, fiber-like, and stel- 
late or otherwise lobed or branched. There are, however, two chief 
types: the subglobose, or polyhedral, with diameters equal or only slightl3" 
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(lifTercMit ; and the clofKjdtc, with oiu' diameter many tim(‘S tliat ol tin*, 
others. Transiticmal types ar(‘, of eovirst', immerous. 

UnditYerentiated or \ins])e(‘ialized eells, in eontinuons mass, wlam sur- 
rounded and elos('ly c*()m])r(*ss(Ml hy oth('r (*('lls oi similar t^p(‘ and >izo, 
are on the a\'eraj 2 ^e 14-sided. 1 lu‘y approach in shape' tlu' oitliic te'tia- 
kaidecahedron, a mathemati(*ally dc'te'rmiiu'd lorm tor hodie'.s ot iinitoim 
volume and minimal surtaee that fill spa(*(' without int('i‘sti(*('s. this 
form has 14 surfaces ot contact — 8 hexagonal and h (piadrilate'ral. In 
plants, uniform cells ot this shai)e are' pre)l)al)ly ne've'r te)rme'el. 1 he' 
closest ap])re)ach is perhaj)S in j)are'ne*hyma e*e'lls e)t ])ith that are arran^e'el 
in columns. The surface cells of a mass e)t sue*h e*e'lls ha\'e an a\’e'raj 2 ;e‘ 
of 11 faces. Kpielermal e'clls, for example, have about that numbe'r e)f 
contact faces. When intere*ellular spae'cs are j)re'se'nt, the' number e)t sides 
is less — the larj^er the spaces, the tewer the side's in e*e)ntae*t with e)the'i’ 
cells. Where similar cells e^f elifierent sizes lie te)«;ethe'r uneler these ce)neli- 
tions, the larger cells have more than 14, the smaller less tlian 14 tace'.s. 
The sha])e of newly fe)rme'el e*e'lls is de'penelent U])e)n that e)t the me)the'r 
cell and upe)n the ])lane anel freepiene'y e)l division. 

Cell Size. — CVlls vary gre'atly in size; size, like' shape, is in part re'lated 

to function, l^xtre'me'lv small ce'lls ek) not e)e*e*ur anu)ng thc^ highe'i* plants. 

Parenchyma cells serving the usual functions, with normal ])re)te)plasm, 

have a transverse diameter of 0.01 to 0.1 mm. In i)ith anel fleshy fruits, 

the eliameter of parenchyma cells may reach I mm e)r more, anel the cells 

then become reaelilv visible te) the nakeel e've. Fibers e)f wood and 

* * 

phle)e'm range in length e'hiefly from 1 te) 3 mm in the angie).sj)erms, and 
from 2 to 8 mm in the gymne)si)erms. Ck)rtical, i)c'ricyclic, and primary- 
phloem fibers are often much longer, anel— part h' because e)f their ce)n- 
sideral)le length — are e)f particular economic imj)e)rtance, as, fe)r example. 
the)se e)f flax and hemp. Fibers of excessive length — 20 te) 550 mm — 
e)ccur in the Urticaceae and in certain me)noce)tyleele)ns. The largest cells 
kne)wn are latex e*ells of the type which fe)rm brane*hing systems thre)Ugh- 
e)ut a plant be)ely (Cdiap. I \ ). However, such e'clls are perhaps ne)t 
inelivieluals me)rphe)le)gically, since they are' ce)e'ne)cytic anel ce)ntinue te) 
grow alme)st inelefinitely. Latex vessels consist of cells uniteel onte)gene‘t i- 
cally in series. 

Cell Development. — All cells are fe)rmeel from ])ree'xisting cells — or 
fre)m nucleateel pre)te)plasmic masses — by elivisie)n. Cell elivisie)n is a 
complex process eluring which the nucleus anel cyte)plasm are each 
divieleel inte) two parts, usually eepial and alike. In this elivisiem, the 
wall is ne)t directly inve)lve‘el. In the ne'wly formeel cells, ])lasma mem- 
branes anel intercellular substane'c are not reaelilv elistinguishable, anel 
h(‘nc(* a visible' plane e)f separatie)n is at first lacking e)r scarcely ele'tee'table. 
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But very early, new walls appear aloiifi; this i)lane as delieale membranes. 
C'ells, therefore, while still xery young, are provided with walls. The 
small daughter cells soon enlarge to about the size of the mother cell. 

Young cells are of more nearly imiform size and shape than mature 
cells and are simple in structure. Elaborate shape, complex structure, 
and very large size are not found among yoimg cells. Growth of cells 
involves increase in size and the development cf special shape and struc- 
ture. Since the wall is present from a very early stage, both protoplast 
and wall are involved in these changes. As the active part of the cell, 
the protoplast initiates the changes, the wall being modified with the 
changing protoplast. While changes in size and shape are taking place, 
the physical and chemical nature of the wall is iisuall}^ such that these 
accommodations are readily' made; only' after cell maturity is attained is 
a fully developed and unchanging wall present. In the maturing of the 
protoplast many^ changes occur. These are, briefly^, the reduction of the 
proportionate size of the nucleus; the development, usually^, of less dense 
or less richly^ granular cy'toplasm; the appearance of vacuoles that increase 
in size, and, in most cases, ultimately fuse to form one large central 
vacuole which restricts the cytoplasm to a peripheral position adjacent 
to the wall; changes in size and ty'pe of vacuole, where vacuoles are 
already'^ present in the mother cell, for example, in cambium initials 
and their daughter cells; the increase of plastids in size and number, and 
the development of special ty^pes of plastids. In the maturing of the wall 
there occurs increase in extent and thickness accompanied by complexity 
of form and changes in chemical and physical structure (see Cell Wall). 

Cellular Adjustment during Growth. — Growth frequently brings 
about changes in the relationships of contact and position among neigh- 
boring cells. The changes may involve all surfaces of a cell or be localized. 
In many^ cells the rate of growth of the wall is unequal in different areas, 
and in areas of greater or more rapid growth there are commonly greater 
changes in intercellular contacts. Development of elaborate or extreme 
shape and size — especially^ in such cells as large vessel elements, .fibers, 
and some types of sclereids — brings about great changes. These may 
involve the deep penetration of cell tips or lobes between adjacent or 
nearby cells and into intercellular chambers. The steps in these changes 
are not fully understood. As new contacts are made by a penetrating 
tip and cell walls are separated, the intercellular cementing substance 
must be modified or removed. The plasmodesmata of the region are 

ruptured and the primary pit-fields and even partly' developed pit-pairs 
are divided. 

There is lack of agreement as to the manner in which these new wall 
contacts are made. O/uhng (or sliding) groivth has commonlv been 


described as the basis of these chanties. Intrusive qrowth and symplaslic 
growth nave recently been proposed as supplanting gliding growth in part 
or wholly. None of these three methods alone seems to cover the condi- 
tions met in all tissue and cell types. 

By gliding growth is understood the slipping, during growth, of the wall 
of a cell over the wall of a contiguous cell along the surfa(‘e of contact so 
that new ar(‘as of contac.t are made with tlu' saiiK' cell and with mnirby 
cells with which no contact ])r('viously existc'd. It has Ixhmi g(‘n(‘rally 
assumed that leal moveimait takes ])lace in this t.yp(‘ of gi'owth, that th(‘ 
wall is increasing in area o\’(‘r more than th(‘ j)oints ot new contact, sonu'- 
times throughout, and that a sliding th(‘refore occurs. I^k\ampl(‘S of 
apparent gliding growth are to 1)(‘ lound (a) in th(‘ lormation ot new 
cambium initials with increase in tlu' girth of th(‘ cambium — siz(\ fonn, 
and position of the new cells are e\'id(‘nc(‘ of growth thioughout th(‘ (*('11 
walls and of slii)i)ing and the making of lu'w contacts (Fig. St)); (/>; in th(' 
devel( 3 jmient from cambium (lerivativ('s of mature phhx'in ami xyh'in 
elements — nonmatching j^it-helds in the phloem and pits without comple- 
mentaiy pits in the xylem are evidence lu'ix'. d'he development of the 
lobes or arms of some types of sclereids is an example of gliding growth of 
parts of the cell wall. 

Gliding growth has also been assumed to cover ('xtreme chang(*s in 
cell contacts brought about by the forcing, under })ressure, of c('lls into 
new ]X)siti()ns and distorted forms (Fig. As an example of this, 

the distortion in (lev('l()ping secondary xylem of c('ll arrangement and 
form about enlarging vessel elements has been cited. In ring-porous 
woods such as that of Qnercus, the rapid and very great incr('as(' in diam- 
eter of a vessel element results in c()m])ressi()n, or stretching, (‘V('n tearing 
ai)art, of the smaller cells nearby (Fig. 92.1). These c('lls find new 
positions, and their new contacts must often involve large ar('as of tlu'ir 
wall surfac('s. A sliding of cells on one another is tlx' obvious method of 
chang('. (\)ntinuing growth cannot exj)lain so gr(‘at a change of position. 
It has Ixx'ii (^lainu'd that th(‘S(' chang('s are the result of cell multiplication 
among the smaller cells, but no cell division is found at this stage and the 

addition of new cells in the area would not explain extreme distortion of 
form. 

By intrusive growth is underst(X)d deferential expansion of the wall 

the incr('as(‘ of cell size locally, with the ])r()jecti()n of th(' newlv fornuxl 

% 

l)arts of th(‘ c(‘ll Ix't w('(‘n adjac(‘nt c(‘lls oi- tlx'ii* ('xt(‘nsi()n into int(‘i-c('llular 

spac(*s. 'rh(‘ parts of otlx'r (X'lls witli which th(‘i'(' is lU'W contact mav or 

may not. also Ix' (‘idaiging. In this typ(‘ of chang(' it is un(ler.st(X)d that no 

|•('al slipping occius; tlx* new contacts of a c(‘ll are th()S(‘ iinnh' hv lU'w 

% 

areas of tlx' wall as tlxy form. Tlx' elongation of the apic(*s of fibers, 
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tracheids, and vessel elements has been called intrusive growth, but it is 
perhaps gliding rather than intrusive growth, or, more hkely, it involves 
changes of both these types. An example of extreme continuation of 
intrusive growth is found in the latex cells of the milkweeds — Apocy- 
naceae and Asclopiadaceae — whose rapidlj^ grovdng apices maintain their 
position in apical mcristems throughout the plant. 

Most gliding and intrusive growth rmdoubtedl}" occius while the cells 
are very young, but some apparently takes place after the walls are partly 
mature. In secondary xylem, walls cf contiguous cells, already so matm’e 
that secondary walls and the beginnings of pits are present, may be split 
apart b}" the dcv^eloping tips of adjacent partly mature cells. Such pits 
become functionless and are present in matm-e cells as blind pits (pits 
without complementary pits in the adjacenf^ll wall). Blind pits may 
even lead toward an intercellular space; th^ matching pit may be found 
across the space. (In sections pit-pairs Often appear to extend only part 
way through the wall; these are usually parts of a pit-pair cut obliquely.) 
Intrusive growth may bring about a wrinkling of the wall of the intruding 

cell tip. 

By symplaMic growth is understood growth in size throughout a group 
of young cells ^^^th mutual adjustment in shape by all members of the 
group. The entire walls are growing. New shapes are formed and new 
spatial positions taken, but there are no new contacts and no movement 
either gliding or intrusive. The group of cells grows thoughout with their 
walls forming a framework that is continuously adjusted under pressure 
and tension. Differences in rate of division and rate of enlargement play 
a prominent part in sjunplastic growth. Growth of the derivatives of the 
initials in an apical meristem is an example of symplastic growth. 

All three types of growth doubtless occiu. Symplastic growth is 
characteristic of groups or masses of cells in early stages of growth. 
Evidence in support of the occurrence of typical gliding growth in many 
tissues is strong. Distinction between gliding and intrusive growth is 
doubtless one of degree rather than kind — the difference depends upon 
the definition of ‘Hips” of the cell. If only a small part of the cell at the 
apex is growing and making new contacts with the walls of other cells, 
growth is intrusive; if there is growth in regions other than the tips, there 
must be movement of the gliding type. 

THE PROTOPLAST 

The cell may be considered separable, both structurally and function- 
ally, into the central protoplasmic unit, the protoplast^ and the surroimd- 
ing cell wail. The protoplast is the cellular unit of the body of protoplasm 
that fundamentally constitutes the organism. The protoplast may be 
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tvirther described as an organized protoplasmic unit, wliicii conlaiiis 
specialized protoplasmic structures of various kinds, and also nonliving 
inclusions^ organic or inorganic. Under the lu'ading of inclusions are 
starch grains, oil globules, protein granules, crystals of i:uin 3 ^ kinds, and 
the cell sap. These nonprotoplasmic materials are com.inonly known as 
ergastic substances. They are often considered not a part of the proto- 
plast but, aside from the intimate relation of these substances to tin* 
physiological activities of the protoplast, th(‘y constitute a part of th(‘ 
protoplast as a structural unit, if only as inclusions. The cell wall is 
usually considered definitely distinct from the ])rotoplast ; that it may 
not be so, however, is possible. In the discussion of the nature of the 
wall (page 23), this as{)ect of cell structure is further treated. 

Organization of the Protoplast. — Tlie i)rotoplast nearl}' always pos- 
sesses a highly organi^l^ part, the nucleus. *^1 his is j)ro})ortionat('l\' 
small, usually more or less nearly sidierical or disk-shaped, and function- 
ally of the greatest'importance in the activities of tlie cell. Nuclei of 
extreme shai)e — linear, s[)indle-shai)e, vermiform — are frecpient in elon- 
gate, slender cells. Bi- and multinucleate c(‘ll.s are occasionally found, 
but most reports of such cells (in apical meristems and in cambium 
initials and their derivatives) are based on misinterpretation of material. 
To the remaining i)rotoplasmic material the term cytoplasm is given. 
The cytoplasm itself has portions of different degrees of specialization 
which are associated with segregated functions. 

Plasma Membrane. A film of extreme delicacy — of ultramicroscoj)ic 
thinness the plasma membrane, forms a limiting layer on the surface of 
the cytoplasm. This has been likened to the film that limits a free drop 
of water and forms the surface of a (phet body of water, preventing tlu' 
immediate merging ol the drop with the larger body upon whicli it falls. 
The plasma membrane completely covers the protoplast, including it.- 
plasmodesmata extensions, where it probably merges witli that of adjoin- 
ing cells. It has a close, perhaps intimate, association with the Wall 
possibly even penetrating its inner layers. (It is not shown in Figs 4 
and 8.) The semi permeable nature of the plasma membrane is of the 
greatest physiological significance in the functions of th(‘ cell. 

Plastids. J he plastids are differentiated bits of p^-otoiilasm 

organs,” or areas, of metabolic activity associated with iiarticular 
unctions. 4 hey have a limiting, apparently semiperrneable membrane 
and complex internal structure. They are often colored and usually 
conspicuous. In size they are small, and generally many occur in a cell 
tugs. 4, 5, G, 7). 4 hey aiv variable in shape, but rounded types are 

most common. Spherical, ovoid, diskoid, granular, rod-like plastids ali 
occur frecpiently. Large plastids of peculiar shape are present in many 
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of the algae and rarely elscwlicre. They may be found in all living cells 
of a plant and probably aie i^resent in every cell in its early stages of 
development. Later they become restricted to certain cells and are 
abundant only in those which have specialized functions, such as photo- 
synthesis, storage, and color manifestation. 

Origin. — Plastids are present in large numbers in young meristematic 
cells (Fig. 5) where they are minute, the smallest being at the limit of 



Fig. 5. — Tlie devcloi)inent of a inesophyll cell in Zea. A-F, successive stages; the 
nucleus decreases in proportionate size; vacuoles appear, enlarge, and fuse; chloroplasts 
devcloj) from proplastids. {After Randolph.) 


microscopic visibility-. At this stage, when they are known as proplastids y 
they are rounded bodies that do not resemble plastids. As the cell grows, 
proplastids multiply freely^ and mature plastids gradually^ develop. 
Increase in number by division continues at all stages but less frequently 
in mature plastids. Probably plastids arise only from preexisting 
plastids. 

Types of Plastids. — Several fairly^ distinct ty^pes of plastids occur, but 
all are of similar fundamental nature. They fall into two chief classes: 
colored plastids, chromoplasis, and colorless plastids, leucoplasts. Green, 
chlorophydl-bearing chromoplasts are known as chloroplasts and are com- 
monly set apart as a third major type because of their important function 
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ill food niamifaciuro. 'I'liis liaivi's llio (onn “cliroinoplasf ” lo cover all 
colored plastids except chlorojilasls, and this is ils j-cneral use. 

Chloropldsls. — 'I'he chloroplasis of (he higher plants are ino.sllj- uni- 
form in size and chief!}- flattened-ellip.soid or disk-like in .shape. 'I'hey 
are numerous — from a few to very many in a cell — and small, averaging 
5 micra in diameter. Tliey multiply hy con.strict ion. and may at other 
times change shape, appearing as though semilipuid. d’lu' ehloroiihyll is 
wholly or largely restricted to numerous small granules known as grana 
(!' ig. G). .\pparently tlu'.si' dei'])!}' colored hodii's an* coininonlv so 
aiianged and so clo.sely packi'd that the jilastid apjK'ars .striicturallv 
homogeneous. Sometimes an obscure layering can he seen (Fig. (i('). 


V' 




'4 ^ 

^4ilort)i)lasts. A, A pouofjcton; B,(\ Todea supvrhn. AJ3 
giana laige and froo; ( . mana .small and a^f^i (‘«att*d in platn-like laycM.s. (After Heilz.) 

Chloroplasts of shade knaves ai*e soiiK'what larger than tlio.so of loaves in 

full light on the same j)lant and tluar chlorophyll content is i)ossil)ly 
greater per unit vohiin(\ 

C/u-owo7>/a.s'/.s.— Xongreen chromoiilasts range in color through yidlow, 
orange, and yellow-red. '’J'he color is given chiefly by xanthophyll, 
carotin, and carotinoids. (’hromoplasts show great variety in shape but 
are chi^efly irregular; granular, angular, acicular, an.l forked types occur 
(I’ig. 7). 'J'he irregular and shar))-pointed shajies are believed to be 
caused in part by tlie ine.sence of the colored substances, e.sjiecially carotin 
and carotinoids, in crystalline form, as in the root of Daucii.s (Fig. 7.1). 
llie functions of these jilastids are obscuriv 'I'hey are associated with 
color in flowers and fruits but occur also in other regions such as roots. 
Chromoplasts commonly repre.sent transformed chloroiilasts, but may 
form directly from small leucoplasts. ’ 

Leucopla.si.s.—Tho term “leucoplasts” covers various types of colorle.ss 
'I'he early .stages of all pla.stids are called leucoplasts but .such 
young plastids are be.st called proplanlid.s, and only mature colorless jilas- 
tids should be called leucojilasts. bike chroinoplasl.s, leucoplasts var\ 
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in shape, extreme forms are rod-like. They change shape readily and 
are probably always highly plastic. They are concerned with food 
storage and doubtless have other tmknown functions. The type of 
leucoplast associated with starch-grain formation in storage regions is 
kno\vn as amyloplast. Leucoplasts related to the formation and storage 
of oils and fatty substances are known as elaioplasts. These are at least 



in part amyloplasts that ^•aIy in function at certain times. The leuco- 
plasts of hairs and of other epidermal cells are probably degenerate or 
dormant plastids of other types. 

That all plastids are alike in nature is clear from the readiness with 
which one type is transformed into another. For example, the chloro- 
plasts of young fruits and of developing petals may become the chromo- 
plasts of the ripe fruit and of the matme flow-er respectively; the 
leucoplasts of a potato tuber become chloroplasts on exposure to light. 

Occurrence of Plastid Types. — Chloroplasts may occur in any part 
of a plant that is exposed to the light; they also occur in some tissues that 
are apparently without light, such as the wood of many Rosaceae and 
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Ericaceae, and in embryos and endosperm, as in the seeds of some citrus 
fruits. Red and yellow chromoplasts likewise may occur in any organ of 
the plant, and their presence is not related to the presence of light. 
They are chiefly to be found, of course, in flowers and fruits. Leucoplasts 
occur mostly in parts not exposed to light. Further statements concern- 
ing the distribution and the function ot j)lastids are to be found in the 
discussion of various tissues, tissue systems, and organs, such as collen- 
chyma, the cortex, the leaf, and the i^dal. 

Man}^ protoplasmic bodies smaller than plastids occur in cytoplasm; 
these are known as chondriosomcs and mitochondria. Some of those 
known as chondriosomcs are doubtless proplastids. The nature and 
distribution of these smaller cytoplasmic stiuctures lie outside the field 
of the present treatment. 
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Fig. 8. A C, diaprarn of a plant cell in three .successive stages of development: the 
vacuoles inciea.se in volume and fuse and the cytoplasm becomes limited to the parietal 
region. D, cell of stamen hair of Tradescantin, indicating direction of streaming move- 
ments in the cytoplasmic strands. E, parenchyma cell from cortex of Polyuonella, showing 
nucleus, plastids, and scanty cytoplasm. {After Sharp.) 


Vacuoles and Cell Sap. — The cytoplasm of mature and of many young 
cells contains one or more cavities known as vacuoles. Conspicuous 
cavities usually develop as the cell matures, beginning as one or several 
small cavities and enlarging and fusing until in the mature cell there is 
usually one large central vacuole which restricts the cvtojilasm to a thin 
layer lining the wall (Figs. 4, 8C). The nucleus, plastids, and most 
inclusions are contained in this peripheral layer. Freciuentlv strands of 
.h« cytopla.™ extend from the enter Inyer irregni.rly .™.2“esing 
branches through the central vacuole; under these conditions the nucleus 

may occupy a median position in the cell. The vacuoles and their liquid 
content, the cell sap, constitute the cell vacuome^ 

The cell sap is a watery, nonprotoplasmic liquid consisting of water 
with various sub.stances in solution— inorganic salts, carbohydrates 
proteins, amides, alkaloids, pigments, etc. These substances may be 
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mineral nutrients, elaborated food, waste products, or substances of 

unknown relation to metabolism.) In the physiology of the cell the 

significance of these substances dissolved in the cell sap is not w^ell 
understood. 

Color in Cells. — Substances that give color to cells are found chiefly 
in the plastids and the cell sap. The cell wall, cytoplasm, and nucleus 
are commonly nearlj^ colorless. The green coloring substance of chloro- 
plasts is chlorophyll, in two forms known as a and b. With the chlorophyll, 
but masked by it, are yellow pigments, carolinoids. Included in the 
carotinoids are carotins, carotenes, and xanthophylls. These substances 
give the yellow' color of “golden” varieties of plants (where the chloro- 
phyll content is low') and of leaves variegated with yellow'. Leaves 
variegated with white ha^'e little or no color in the plastids of the pale 
areas. Abiuidant carotinoids (sometimes in crystaUine form) in chromo- 
plasts give yellow', orange, and j'ellow-red colors to flowers and fruits. 
Another group of pigments, the flavones, are water-soluble and color the 
cell sap. In some genera, for example, VerboscuTn, they give yellow color 
to corollas. The anthocyanins, oxidation products of flavones, also water- 
soluble, color cell sap and give red, purple, and blue color to many flowers 
and fruits. A reddish, anthocj'anin-colored cell sap, together with the 
green coloi of the chloroplasts, gi\-es the bronze or purple color to the 
leaves of purple-leaved forms of many plants. Anthocyanins are also 
present in young twigs and leaves, especially if growth is taking place at 
low temperatures. Other color-bearing substances may be present, and 
low'er groups of plants algae and bacteria — possess some distinctly 
different substances. In white floral parts there is no color, and light is 

reflected from the many semitransparent cells separated by intercellular 
spaces. 

Autumn Color.— In slowly dying leaves chlorophyll breaks down into 

colorless substances. Green leaves become yellow as the xanthophyll is 

thus unmasked. Xanthophyll in the disorganizing chloroplasts in this 

way gives much of the yellow color seen in autumn foliage. Reds and 

puiples are cell-sap colors, resulting from o.xidation of flavones, and are 

especially brilliant when formed in the presence of sugars and abundant 

sunshine. Ihese cell-sap colors, in combination with some persisting 

chlorophyll, xanthophyll, browning cell walls, tannins, and less common 

color-giving substances, give great varietv in autumn color. The 

changes from green foliage are not caused by frost, although frost may 

hasten the piocess. Alany plants whose leaves color brilliantlv in cool 

temperate climates show ecjually bright color when grown in frostless 

climates. Dying branches of trees often show full ‘‘autumn color in 
midsummer. 
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Inclusions of the Protoplast (Ergastic Substances). — Many kinds of 
solid particles, organic and inorganic, as well as such substance's as oils, 
gums, resins, etc., are freeiuently present within the pi-ot()j)last , ('ithe'r in 
the cytoplasm or in the vacuole. These represent, like' the disse)h'e'el sub- 
stances, food products, such as starch aiiel aleure)ne grains; waste jjre)elucts, 
such as crystals; and other substances of doubtful or unknown function, 
such as rubber, mucilages, tannins, latex, alkaloiels. Gums, resins, tan- 
nins, etc., are often present in the lumina of ne)nliving cells; for example, 
in the heartwood of S^uoia (Fig. 99) and mahogany {Sicietenia), anel in 

^ t ^^c^s. Some of these substances, for example, starch, 
occur in most plants; others are characteristic of certain large or small 
groups ot plants, and are lacking in others. 

Crystals. — Crystals of various chemical nature occur freely in j)lant 
cells — of these, salts of calcium, chiefly calcium oxalate, constitute the 
majority. Crystals of other salts of calcium and (^f various other iiKjr- 
ganic substances, such as silica and gypsum, occur less freciuently; ciys- 
tals of many organic substances, such as carotin, berberin, and saponin, 
are frequent. All parts ol the plant maj^ contain crystals, though these 
structures are more abimdant in certain regions, as in the ])ith, cortex, 
and phloem, than in others. There are many forms of crystals (Fig. 9). 
Of these, solitary, rhombohedral crystals, sheaf-like bundles of long 
acicular crystals known as raphiclcs (Fig. 9E), and clustered crystals in 
globose masses called druses (Fig. 9A,B,D,F) are most common. The 
individual crystals of druses may be raphides. Solitary raphides, small 
prismatic crystals, and minute crystals called crystal sand are other fre- 

(jiient types. C ystolith^ often considered crystalline bodies, consist in 
large part of cell-wall substance. 

One form of crystal may occur in a given cell— the usual condition 
where crystals are clustered — or two or more types may be found in the 
same protoplast. Many inorganic crystals ai)pear to involve organic 
matter in the course of their formation. The larger crystals of xylem 
often show this condition (Fig. 9(7,//,/C,L), and druses frequently contain 

a prominent organic center (Fig. 9F). 

The large crystals of somewhat various shapes — prismatic, rhomboid, 
etc.— ocfuir chiefly in fibers of xylem and of phloem and in jkienchyma 
cells associated with fibers. Rai)hides occur in thin-walled, miicilage- 
containing parenchyma-cells of soft tissues, such as storage parenchyma 
of underground parts, fruit pulp, and the tissues of aciuatic plants gener- 
ally. d'hey are present in monocotyledons chiefly. Druses aie charac- 
teristic of pa r en chy ma cells of cortex and pjth, especially of stems and 
p(d;i()l(*s; tlu'y also are abundant in phloem. 

( 'rystals lie in the protoi)last— usually in the vacuohi.s— or in the lumen 
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Fig. 9. Crystals. .4, druse in cortical cell of stem of Vihuriium Lentago; B, druse 
and rhombohedral crystals in stone cells of nutshell of Carya glabra; C. solitary and 
grouped crystals m pith cells oi Populua grandidentata; D, druse in cortical cells of Carica 
Papaya; E, bundles of raphides in pulp cells of fruit of SmUacina racemosa; F, druse 
with organic center, in phloem parenchyma cell of Juglans nigra; G, H, longitudinal and 
transverse sections of crystal in wood parenchyma of Carya Pecan; /, J, longitudinal and 
transverse sections. of crystals in wood parenchyma of Juglans nigra; K, L, longitudinal 
and transverse sections of crystals in phloem parenchyma of Tilia americana; M, various 

forms of crystals in phloem parenchyma of Mains pumila; N, rhombohedral crystals in 
phloem parenchyma of Salix nigra. 
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when the protoplast has disappeared, as in fibers. Occasionally, they are 
pai’tly or wholly embedded in the cell wall; more frequently they arc 
suspended in the lumen by projections of the walls. These projections 
are rod-like; or they are sac-like, covering the crystal and holding it in a 
central position. Large crystals mtiy fill the lumen and then deter- 
mine the interior contour of the wall (Fig. 98 ) ; in elongate cells the lumen 
may be filled at a given level only (Fig. 9K). 
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n s) Stnrol. Krams: li. n, P'th <-(.| s of Aho,,h,l„; C, in outer |, erica, ■„ of D. i„ 

cotyledon of Pisum; L, in ray cell of phloem of Ailanthus; G, in cotyledon of Phaseolus. 


Cells may be given over entirely to crystal storage, and the protoplasts 
become much retliiced or disappear, but typical active cells may also con- 
tain abundant crystals, d'lie eaily stages of crystals are found in very 
young cells; apicid meristems often contain young druses. 

In huge ifart, inorgiinic crystiils an> probably waste products, the 

result of rntUabolic processes. Their development in tissues which ’soon 

cease to be functional, such as pith, cortex, and .secondary phloem is 
suggestive of this. ’ 
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Starch. — Food materials are present either as transitoiy material or 
in the more or less permanent form of storage particles.* 'Newly formed 
food may be in solution or exist as s^lid particles. Starch grains are the 
most common kind of sohd food material foimd. They are of numerous 
types and vary in size and in form over a considerable range (Fig. 10). 
In shape they are mostly rojjjaded or oval. Crowding results in the 
formation of angular shapes, and symmetrical, polyhedral grains are 
characteristic of some plants. Other plants possess compoimd grains 
which closely resemble simple grains, but show their compound nature 
when broken up into their constituent parts which are minute simple 
grains. All grains in a cell may be simple or compoimd, or both types 
may occur in the same cell (Fig. lOZ)). Sti\icturally the grain is made up 
of radially arranged tapenng needles of a^ylose. The needles lie with 
their tips at the center, their bases fusecTto form a border. Both the 
central area, the hilum, and the border are highly refractive. Concentric 
layering about the hilum is commonly seen, although this may be obscure 
without special treatment. The layering may become strongly excentric 
in the larger grains of some plants, for example, the potato. The layered 
appearance is probabl}^ the result of variation in the amoimt of water in 
the amylose; and this variation is due to alternations in growing condi- 
tions — in light intensity, temperature, and humidity. Grains formed 
under constant growth conditions are not la mella ted. The hilum is 
rounded or angular, sometimes lobed, forked, or stellate, and is highly 
refractive to light. By the presence of hila and by staining properties, 
starch grains may be distinguished from plastids and other protoplasmic 
bodies, and from other solid particles. 

Starch grains are first formed within chloroplasts and are often 
found in that position; leucoplasts in storage cells build up starch grains 
within themselves from translocated food brought from green cells. 
Starch grains are thus formed both primaiily and secondarily ivithin 
plastids. It is not known with certainty whether, when a grain is mature, 

it is freed from the plastid or is still surroimded by a very delicate layer 
of plastid substance. 

Nitrogenous Inchisioyis . — Solid nitrogenous particles such as crystal-^ 
loids, or protein crystals, are frequent in seeds and in other storage organs, 
such as bulbs and tubers, as in the potato tuber; and aleurpne grains are 
often found in seeds, where definite layers of cells are filled with them, as 
in the corn fruit (Fig. II). Cryst allo ids and aleurone grains are rare 
elsewhere. Tan nifer ous bodies are abundant in many plants, especially 
in the cortex and phloem (Fig. lOA). They occur chiefly in parenchyma 
cells but may be found in other cells, such as those of c ollench yma and 
cork. Their abundance in the phloem of oak, hemlock, and other trees 
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CHAPTER III 


MERISTEMS 

Growth in an organism consists fundamentally of increase in the 
volume of the protoplasmic body. Closelj^ associated with this increase 
is differentiation of the cells that represent this increase. Differentiation 
is usually thought of as a phase of growth. In some of the more primi- 
tive plants and in some parts or stages of more advanced plants, growth 
may take place without the partition of the protoplasmic body into 
cellular units. In cellular plants, however, any considerable amount of 
growth is usually manifested by new-cell formation and the subsequent 
enlargement and modification of the derivative cells. In plants with 
little or no tissue specialization, cell division may occur throughout the 
plant bod^or in any part thereof, increasing in this way the mass of the 
plant body. ( I n plants with specialized tissues, on the other hand, ^he for- 
mation of ne^v cells is chiefly localized in certain more or less definitely 
organized regions known as meristems.^ 

The terms meristem and merisicmaticy as applied to developing cells 
and tissues,' are somewhat loose. Writers differ greatly in the use of 
them. Rigid definitions cannot be mad^ and no sharp line can be drawn 
in description between tissues that constitute meristems and those that 
are merely in some measure meristematic, or between these and perma- 
nent tissues.^^ Growth and di fferentiation constitu^^ continuing process, 
and correlat ion of structure with stages of this processes jx nmtter of 
conyehience. In th is treatment the term_/ ‘ meristem is applied to 
regions of more or less continuous cell and tissue initiation; the adjective 
meristematic^^ is used to indicate resemblance in an important way to a 
meristem^ but not necessarily as consisting of or constituting meristem; 
that is, it is applied to those cells, tissues, and regions that have character- 
istics of developing structures — especially cell division — but do not 
themselves strictly constitute meristems.^ For example: the apices of 
stems and the cambium are regions of tissue initiation; developing xylem 
and phloem are meristematic tissues, for they form some new cells and 
are immature, but they are not permanent or semipermanent initiating 
regions.^ Again, cells in mature tissue, such as the primaiy cortex of 
stems, may divide. Such cells are meristematic, but neither they nor the 
tissues of which they are a part constitute a meristem. During the 

60 


MERISrE,\fS 


01 






V A r 


; y V 


recently renewed interest in meristems, the use of these terms hus, 

unfgrtunatelv, been Inoiidened and confused. 

x^7rhe cells of meristem differ from those of mature* tissues in that com- 
memlv they have abundant cytoplasm with vacuoles small (ir lackiiifr 
laro^e nuclei, thin walls, and no intercellular spaces. But initials ot 
medstems and the cambium may have vacuoles of gocxl size, the* ra.lial 
walls of cambium are thick (Fig. 88), and minute spaces may be jiivsent, 

among tlio clcri\’ativcs ot api(‘al initials. J • i • 

The lerni'^onibryonic” is sometimes used as synonymous with meriste- 
matic in describing young tissues. Such use is confusing; the t(>rm is 

best aiiplied to tissues of the embryo only. '--'j' 

Meristematic and Permanent Cells and Tissues.-<-From the stand: 

point of stage of develoiiment, cells and tissues are mcristcmaUc or pcnmi-_ 
nenl Meristematic cells and tissues are those in which new-cell lormation 
is going on and differentiation is incomplete. When such cells and ti.ssues 
have become fully differentiated and mature, they are said to be pcrtmi- 
nenl. /Fermani'nt cells are not necessarily iiermanent in the usual sense 
of the word, since thev may changt* lioth in lorm and in lunction aftei a 
longer or shorter pi'iiod of existence as completely ililfeiviitiated, or 
mature cells. For examiilc, eiildi'i inal cells or typical cortical cells may 
form a’cork cambium months after those jiarts of the stem in which they 
lie have hecome mature; similarly, iihotosynthetic cells of the cortex and 
parenchyma cells of the older jihloem may become stone cells. Cells may 
changt* theii' nature markedly a long time, even years, alter becoming 
mature; thc'y may again become active in divisioti, iorming othei cells 
and even meristc'i'nsN .'my living cell is commonly believed to be poten- 
tially meristematic. ‘'('ells of elaborate shape and extremely thick walls 
are possible exceptions. Fveii though no cells may be strictly permanent, 
a distinction between iiK'iistematic and pc'rmanent cells and tissues is of 
value in an unrlerstanding ot the origiti and de\’elopment of glowing 

regions. /• 

CLASSIFICATION OF MERISTEMS 
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Aleristonis iire (.'lassified on several bases i stage of development, 
structure, j)()siti()n in ])laiit, origin, function, topography. 1 he bases of 
these classifications are not mutually exclusive, and the definitions cannot 
))e rigid. A discussion of the more important types of meristems follows. 

Mkiustk.ms B.vskd ox Stagk ok Method of Development 

Promeristem. — 1 Ik' rc'gion of n(‘W growth in a plant body where the 
^foundation of n(‘W oi'gans oi’ parts ot organs is initiated constitutes 
pronic)'i,st(’ni . (^The terms “primordial nu'ristc'in,” “I rmeristem, and 
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‘‘embryonic meristem” have also been applied to this initiating region. 
btructurally this region consists of the initials and their immediate 
derivatives, all young cells with diameters much alike; walls thin, \vith 
eaily stages of pits; cytoplasm active, vacuolate or non vacuolate ; nuclei 
large; and intercellular spaces absent or minute. The promeristem of a 
given organ or region is of rather limited extent, varying in amount in 
different plants, m different organs, and under differing growth conditions. 
It IS of course not definitely^et off from the somewhat older meristematic 
tissue into which it merges. (As soap as cells of the promeristem begin to 
change m size, shape, and character of wall and cytoplasm, setting off the 
beginnings of tissue differentiation, they are no longer a part of typical 
promeristem; they have passed beyond that earliest stage.*^ For example, 
there_ps at the_% of an organ a meristem of some lengthj onT y the y b ungr 
est part of this, a small apical portion, is promeristem. The remainder 
of the meristeiff represents the early stages of the tissues formed by the 
promeristem. No term exists for this partly developed region in which 
segregation of tissues is beginning, bi,^tcell division continues freely. \ ) 

Mass, Plate, and Rib Meristems.^'On the basis of plane of division 
mass^ plate, &nd rib meristemsha.ve beenMistinguished as “growth forms” 
of meristena. In mass meristem, growth is by three-plane or all-plane 
division and produces increase in mass; plate meristem is by divisions— ' 
chiefly in two planes-so that there is plate-like increase in area; rib 
meristem, by continuing divisions (anticlinal) in only one plane produces' 
rows or columns of cells, functioning chiefly in theicrease 6f or^ril' 
length. Examples of mass meristem are early stages of many embryos • ' 
developing sporangia; the endosperm of many plants; young pith an'd 
cortex of some plants. Plate meristem (one-laj^ered*) forms epidermis, 
and, (two- to several-layered) is prominent in leaf development fvvhere in 
early stages divisions in the plane of the leaf blade and at right ano-les 
to that pl^e build lip great increase in blade area irith little increase in 
thickness. 7 Rib meristem plays a prominent part in the development of 
young roots and of the pith and cortex of young stemsA The term “rib ” 
menstem is in frequent use at present but is unfortunl(ely often applied 
not to regions of cell initiation but to those of cell differentiation where the 
cells stand in long rows, f In general, these “meristems” are merely parts 
of meristematic tissue-masses distinguished by planes of cell division! 

/Recently the term file meristem has to some extent replaced rib meristem • 
this is a more accurately descriptive term.| It is obinous that these types’ 
can be distinguished only when the cells are chiefly of typical parenchyma- 

of prosenchymatous form cannot be thus 
classified. Cells that are beginning to elongate constitute the first stages 

of procamhium (Chap. V), of collenchijma (Chap. IV), or of strands of fibers 
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Meiustems Based ox Histouy of Initiating Cells 


Primary and Secondary Meristems.-(^()ii the l)asis of tyi)e of tissue in 
which origin occurs, inerystems are classified as primary and secondary^ 
Primary meristems are those that build up the fundanuuital (primary) 
part of the plant ^and consist in ])art of promeristem. | (In some uses, 
j)romeristems are cdnsiden'd distinct from j)iimary m(M*istems.) { In 
primary meristems, })romerist(‘m is always the earliest stage', and transi- 
tion stages to mature tissues constitute the remainder of the meriste'in.^ 
The posse'ssion of prome'riste'in continuously from an (‘arly ('ml)ryoni(i 
origin is characteristic of primary me'ristems; no stage wlu'rein all or some 
of the cells have become permanent, or modifie'd from the' m(‘ristemati(L 
has entered their history. "^^T he chie'f primary meristems ar(' the apices of ^ 
sterns and I’oots and the primorida of h'avc's and similar appendages.'^ 

lOxceptions to the })romeiist(‘m continuity of j)rirnary m('rist('ms from 
early embryonic tissue ai'e found in adventitious buds and roots and in 
some types of wound tissue. (Many so-called “adventitious buds“ arise 
li’om buried dormant bud intials, not de novo in permanent tissue.) d'he 
originating meristems of true adventitious organs ai*ise s('condai*ily in 
moi’e or k^ss ru'arly ])ei’nianent tissues, but they ai’e, because of their 
structui’e and behavior*, i)i*irnai*y meristems. Once established, they may 
pei’sist indefinitely. 

^Sexondary mcri,slcms ai*e sc't apart from primary mer’istems in that they 
always ai*ise in pr'rrnarK'nt tissues; in their histor*y ther-e is interpo.sed a 
stage of peirnarK'nt tissue or at least of partial development toward 
p(*i’manenc3;. d'la'v have no typical promeristem, though their initiating 
la^^er’s ma\^ to some' extent rx'sernble this tissue. Sexondary meristems are 
so called because' they arise as new meristems in tissue which is not mei’iste- 
rnatic. ''Fhe cork cambium is an example of se'condarv mer*istem* it is 
foi’med from mature ce'lls — cortical, epidei*rnal, or phloem cells or from 
an^^nature cells that ai*e not too highU^ sjK'cialized. 

(Fhe pi*imai’y m(‘i*istems build ui) the early and, for a time, structiu*ally 
and functionally complete ])lant body, d'he secondar'v mer*istems later- 
add to that body, forming suj)])lementar*3' tissues that functionally r*eplace 
or r*eirrfor*c(^ the early for*med tissues or serve in protection and r’epair of 
woirnded r'egiorrs.^ 

The cand)ium, one of th(^ most im])ortant meristems, does not fall 
defrnit('ly in either group. It ar*is('s from apical mer*istem of which it is a 
late and spc'cializc'd stage. (Acc('ssor*y carnbia may be secondai*v.) The 
‘issues lor’nu'd by th(‘ cambium ar*e s('condar*v, as ar*e all those formed bv 

secondary mraistr'ms, wher*('as other primar*y meristems form only 
primary tissue's. 
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/ The classification of meristems as primary and secondary has some- 
times been considered of little value but it is especially helpful in an under- 
standing of the manner in which the complex mature plant body is 
attained and modified with continuing growth. | 

r Meristems Based on Position in Plant Body 

vOn the basis of position in the plant body, ^meristems are usually 
classified as apical, intercalary and lateral (Fig. 35). Apical meristems/ 



are those which lie at the apices of the axis and of the appendages and are 
commonly called growing points. ^‘Intercalary meristems are those 
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whicli lio l)etwoon rcj 2 ;i()ns of poi*nianont tissue, ^as, lor oxamplo, at the, 
base of the leaves of many monocotyledoiiiv Lateral ineristems, as tlu' 
name implies, ar(- situated laterally in an organ. ^ 1 he eambium and 

the cork cambium are lateral meristcuns. ) . 

Apical Meristems.— ^Vpical ineristems, or growing j)()ints, occur 
universally at the tips oi the roots and stems, and olten oi the lea\’es, ot 
vascular plants. The activity of these ineristems brings about increase in 
the length of these organs, laying down the piimary ])ody of tlie plant. 
Initiation of growth is l)y one or more c('lls situated at the tip ot the organ 
which maintain their indi\dduality and j)osition and are known as (ipical 
initials or apical cells. These cells may be strictly terminal or terminal 
and subterminaiy 

Apical Cc//s.— ^Among vascular plants, solitary api(*al cells (except 

those of leaves) occur in the horsetails, most of the t(‘rns, and a tew other 

pteridoj)hytes. In other vascular plants a grouj) or groups of apical, or 

apical and subapical cells constitute the initiating body./ \ he behavior of 

these cells in tissue formation has not been extensivi'ly and criticall}' 

studied until recent years and is even yet only partly und(‘rstood. Since 

the initials api)arently differ little, if at all, from their recently formed 

daughter cells and since all of these cells may (‘ontiniK' to di\dd(' Ireely, 

it is most difficult to determine the numl)er and limits of the initials. 

( The number of initials is prol)ably fairly constant for a given organ and a 

given species, but it is probable that at least in some plants, the number 
• • 

of initials and, to some extent, the form of tlie group vaiy from time to 
time even in the same organ. ]\Ieristems are highh' plastic, ^'ariations 
are related to vigor of growth, to seasonal (‘onditions, and to the morphol- 
ogy of the organ developing, ft is now known that in se(‘d plants there 
are many t^'pes of apical-meristem differentiation. Lor ea(*h major 
])laiit group there is apparently a fairly charactcu’istic })lan of develop- 
ment, but this plan ma^'^iot be consistently followed in did ail even within 
an individual plant (see Tunicai-corpus "Lheory). 

Initials, where solitary, appear to persist indefinitely; where there are 
several or many, tliey may function forji time and then be replaced ])y 
new cells. During i^eriods of rapid growth, additional cells may servg 
more or less temporarily as initials. 

Types of .1 pical Cells . — Solitaiy apical cells of several types are dis- 
tinguished by shape and b}' the number of sides from which new cells are 
cut off. Th(' two most common are the lenticular, or two-sided cell (not 
tound in vascular plants), and the pyramidal, or three-sided cell (Figs. 
♦fT.l, 41). The formei- is strictly a thix'e-sided cell in shape and the latter 
a iour-sided cell, but new cells are formed onlv from two and three sides 
respect iv(‘ly, lumcc' terms have Ixm'ii given which ap])ly to the acti\'ity 
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i)f the coll rather than to its shape. The side from which no new cells are 

formed lies in the direction of growth. In roots, cells are cut off on this 

face also (Fig. 41 ). Ihe size ot the apical cell is reduced onl3' temporarily 

by the formation of daughter cells, and its position is maintained 
indefinitely. 


The behavior of solitary apical cells in segmentation, and of the cells 
which are cut off by the apical cells, is of importance in the study of the 
morpholog}^, both vegetative and reproductive, of the bryophytes. In 
these plants, groups of cells in certain positions and of certain origin alwa3^s 
form the same tissues or organs. That this must also be true in general of 
vascular plants was formerl3'’ believed, but such is clearly not the case. 
The behavior of a given segment of an apical meristem may have little 
morphological significance in tl^ groups of plants above the bryoph3des. 

Intercalary Meristems.^’-jH^o-called ^Tntercalary meristems are 
merely portions of apical meristems that have become separated from the 
apex during development by la3^ers of more mature or permanent tissues 
and left behind as the apical meristem moves on in growth (Fig. 35 ). 
The more mature layers are the nodal regions and the '.'intercalary meri- 
stems'' are therefore internodal.j At eaii3" stages the internode is uni- 
formly or nearly uniformly meristematic; later, some part of it matures 
more rapidly than the rest, and a definite sequence in development within 
the internode is set up and maintained. / The region of youngest cells is in 
most plants at the base of the internode, but it ma3^ be in the middle or at 
the top. Where the youngest region is basal, the order of maturing in the 
tissues of the internode is of course acropetal ; where it is at the top,' the 

order is basipetal; and where it is median, the sequence is both upward 
and dowmward. 

fit has been generally believed that "intercalary meristems" are 
separated from the mother meristem at so early a stage that the3^ retain 
a layer of the promeristem of the apical region and that this promeristem 
continues, after its segregation, to function as a promeristem, initiating 
complete ne^y segments of the organ. I But it has been shown that this 
is not ti ue in some grasses, and it is perhaps not so in an3’' plants. 
Although these regions consist j)artl3^ of j^romeristem cells, vascular 
stiands with piotoxylem and protophloem cells in various stages of matu- 
ration run through them. With such structure they are not t3^pical 
meristems but meristematic regions and should be so called. 

\The best know^n intercalary meristematic regions are those of the 
stems of grasses and other monocots and of horsetails, w here they are 
basal, and those of some mints, where the 3 ’’ lie just below' the node. In 
some peduncles, such as those of Taraxacum and Plantago^ they are said 
to occur at the top. ^Leaves of many rnonocotyledons (grasses. Iris) and 
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sonic other plants, sueli as Finns, liave basal moristomat ic regions. 
Inlerealarv nieristeniatie regions ultimately di.sappear; they become 

%y 

wholly transformed into permanent tissii(‘s. 

Lateral Meristems.— ^I.ateral meristems are composed of initials that 
divide chiefly in one plane (peri(*linally) and increase the diameter of an 
oro;an. They add to existinj^ tissues or build new tissues. The cambium 
and the cork cambium are meristems ot this type^ The former has been 
(tailed “th(‘ lat(‘ral meristem,” but phello^en layers also belonf^r here, 
riic' briell\' functioning*; ‘dnai’^inal nu'ristc'ms ’’ ot some leaves have bcnm 
called latei-al but fall in non(‘ of tlu' above croups. 

MEHisrKMs Haskd ox Trx('Ti()X 

/In physiological anatomy a classification of meristems based chiefly 
on fun(‘tional significanc(‘ is used. The outermost layer ot the young 
growing ixtgion, from which the epidermis (h'velops. is called the protod enn ; 
tlu* elongating, tap ering c ells of this region, the p rocanib ium; the remainder 
of the meristematic tissue, (undamcntal, or (jrau nd-tissue meristem. 
In this usage the term “procambiuni’’ is not synonymous with 
(Chap. V) as this term is used morphologically to indicate early stages 
of vascular tissue; the i)hysiological term covers not only cells from which 
vascular tissues develo]) but others also.j 

THEORIES OF STRUCTURAL DEVELOPMENT AND DIFFERENTIATION 

/ddie progress of differentiation in meuistems brings about in cellular 
(4rgam*HLmn a -sHuctural segregation, or zonation, with regions distin- 
guishable by (a) the number and position of tlie initiating cells, (6) the 
I)lanes of division and consequent arrangement of cells, (c) the size, shape, 
and content of the cells, and (d) the rate of maturatioi> of the cells. 
Several theories dealing with the methods of origin of the piitterns formed 
by this zonation and th('ir histological and mori)hological significance have 
been proposes 1.^/ 

The Apical Cell Theory. — Solitary apical cells occur in many of the 
algae, in the bi vophytt's, and, among vascular plants, in the Psilotaceae, 
the horsetails, most of th(‘ ferns, and some sj)ecies of SclayincllQ. hlarly 
studies of th(^ apical iiKuistems of bryophytes and (jf the j)teridophytes 
' with a single aj)i(ail cell demonstrated mor])hological significance in the 
segmentation of the apex. It was believed that the same conditions, 
although diflicult to d('monstrat(‘ in seed plants^ held for all higher plants, 
and th(‘ (vpical cell (licorj/ was pioposc'd as t h(‘ basis for an und(‘rstanding of 
th(‘ iiKithod of giowth and morphology in all groups. But controversy 
aj ()S(> ovca Mjamnl (M pi (>tat ion of th(‘ comphw api(*(*s of gymnosptnans, aiul 
it b(‘cain(* (“\id(mt that the theoiy was not applicable' to seed plants. 
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The Histogen Theory. — As a basis for the interpretation of the grow- 
ing points of seed plants, the histogen theory replaced the older theory. 
Under this theory the more or less distinct major regions of the stem and 



root apex were called histogensyjhtit is, tissue 
builders, m the sense of builders of specific 
parts of an organ. The histogens were the, 
'plerome, a central core; the dermatogeny a , 
uniseriate, external layer; the periblemy^ the 
region between the plerome and the dermat-, 
ogen (Fig. 36). The histogens, or their in- 
dividual layers, were believed developed by 
separate initials. ' This theory, in contrast to_” 
the apical cell theory, placed the origin of axis 
apices in a group of initials. It differed from , 
the earlier theory also in morphological in- 
terpretations or implications — the plerome. 
formed the pith and primary vascular tissues; 
the dermatogen, the epidermis;. the periblem, 
the cortex. 

The \dewpoint and the terminology^ of the 
histogen theory have long dominated anatom- 
ical interpretation of tissues, regions, and even 
organs in vascular plants. But the distinc-. 
tion of these histogens in an apex cannot be 
made in some plants, and in others the regions 
have no morphological significance. The 
plerome may form only the pith or the entire 
central cylinder and part of the cortex; the 
periblem may form the cortex and the outer 
stelar tissues or part of the cortex. Even in 
homologous axes on the same plant the histo- 
gens may form different parts. 

The terms clearly have no morphological 
value, and, because their prominence has 
rested largely on such value, they are becoming 
less used. They are found occasionally in his- 
stems, commonly in those of roots, but serve 


chiefly to indicate regions in a rather loose or topographical sense. 


' These terms were originally applied to the zones of meristematichissue in early 
stages of development from initials but they have been occasionally applied to the 
initials only. 
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The Tunica-corpus Theory. — Interest in the development of seed- 
plant axes reawakened about twenty years ago with the formulation of the 
tunica-corpus theory and increasing attention has been given to the ontog- 
eny of the stem tips of vascular plants. \ According to the tunica-corpus 
theory (which has been applied only to the leafy stem, or shoot) different 
rates and method of growth in the apex set apart two regions of unlike 
structure and appearance — a central core, the corpus, and an outer 
enveloping laj^er, around and above the corpus, the tunica. In the corpus 
the cells are large, with arrangement and planes of cell division irregular, 
and increase is in volume; in the tunica the cells are usually smaller than 






I'lG. . — Diaf^iani.s to show po.-^ition and planes of division of stem-apex initials. A. 
initial solitary, with ohlicpie anticlinal divi-^ions only; B, initials inan>', superficial, with 
their divisions and those of the dennato"en both anticlinal and j)ericlinal ; C, initials several, 
superficial, with their divisions both anticlinal and periclinal and those of the derinatOKcn 
largely anticlinal; D, initials in three tiers, the two outer, with divisions anticlinal ordy, 
forming a two-layered tunica and the innermost, with divisions in all planes, forming a 
corpus. (Initials indicated by outlined nuclei.) 

those of the corpus and lie in layers o r sheets, with divisions strictly, or 
chiefly, anticlinal, and growth is primarily in area . _ These regions vary 
greatly in the di.stinctness of their limits and in their form and relative 
size; their boundaries are often not clear-cut: the corpus may be massive 
or slender; the tunica, many-, few-, or one-layered. The important, 
elements in such an elaboration of regional development are the position 

and number of initials and the planes of division in these cells and their 
derivatives. 

^Thy mimber of initials is few to several or many. Rarel}", in small, 
very slender aj)i(;es, such as those of grass seedlings^ there may be only 
one or two in the tunica and about two in the corpus. \The determination 
of initials as self-maintaining and persistent cells is often impossible 
because they differ little or not at all from their recently formed daughter 

( ( - 1 1 s . ^ ^ eitainl\ it is unlikely that the initials remain constant in number, 
form, and secpience of divi.sion. 

Where all the initials are on the surface^ their divisions are both anti- 
clinal and periclinal, and no clearly defined tunica and corpus are formed 
(figs. 37/1, R,C, 38/1, /i, 30/1, R). Where the initials are in a cluster 
or mound, the outer ones, if their divisions are strictly anticlinal, form 
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a dermitc tunica, and the inner ones, with divisions in more than one 
plane, form a corpus (Figs. 37Z>, 38i>, 306’, D). Under these conditions 

^ ^ — T 

tunica and corpus have completely independent origins and are fairly 
distinct. Between these extremes lie many intermediate conditions in 
which distinction of tunica and corpus is weak or doubtful. 



Fig. 38.— Structure of stem apices as seen in longitudinal section. A, Lycopodium 
Sela^o, apex built up superficial initials which divide both anticlinally and periclinally. 
B, Zamia Mmfcrosa, apex built up by central group of superficial initials which divide both 
anticlinally and periclinally. C, Sequoia sempervirens, apical initials divide both anticlinally 
^d periclinally; subapical initials divide in all planes (initials indicated by outlined nuclei). 
D, Stnocalamus Beecheyana, tunica two-layered, its initials in two layers, with divisions, 
^th r^are exceptions, anticlinal; initials of corpus many, in a mass below tunica initials! 
their divisions m all planes (initials of apex and of leaf apices and bud indicated by out- 
lined nuclei). Tl^ heavier lines in C and D indicate not thicker cell walls but separate 
zones, limiting in C, a surface layer, the dermatogen, and a central core that forms the pith ; 
in D the two tunica layers, and the central part of the corpus, formed by periclinal divisions 

oi the lowest corpus initials. {A, after Haertel; B, after Johnson; C, after Cross; D, after 
Hsil, modified.) p ^ j 


Below the initials or below the direct derivatives of these cells (the 
two groups constituting promeristem), elaboration of cells in size, form, 
and arrangement initiates tissue specialization and the building of the 
framework of the primary body (Chap. The various regions, or 

stages, merge on their margins and overlap longitudinally. Alajor inter- 
ruptions in the progressively more advanced stages back from the apex 
are brought in by the appearance of nodal areas and lateral structures. 





MKHISTKMS 


IV.). St iu*-t ui(‘ of apic(‘.< a.s xmmi in lon^it vidinal st'ction. .1, Ahics concolor, 

initials of tlu* .snrfac'o la\(*r divide both ant iclinally and |)(m iclinally, subapieal initials in 
all plane.s; li, S<‘(ju<)i(i S( rn pcrvirt ns, initials of tin; sniface la\’er divide chiefly ant iclinally, 
sul)ai)ical initials divide in all plain's; (', Vincd roscd, ttini(*a of t hi eo las'er.s and corpus 
presi'iit, initi.al> of tunica dividing onl>' ant iclinall>', those of tin' corpus dividing in all 
planes; I), J*filox I >riini mondii, floral ape.x. (.1, (iftcr Korody; li, after ("ross; ( after (’ross 
and ,1 oti nson ; 1), afttr Mdler and Wtt nitjre.) 
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wo-storied cluster of which the superficial members build a tunica-- 

which, m Its greatest specialization, is probably uniseriat^and the inner 

members forin the corpus. The maj ority of seed plants *are intermediate 
in apex stiucture between these t 3 ^pes. 

The PrimUtve Type of Stem Among the pteridophytes, 

ycopodtum, Isoetes, and some species of Selaginella, and among primitive 

gymnosperms, the cycads, .have simple apices with surface initials 
and no distinction of tunica and corpus. 

Lycopodium 38 A) serves as an example of this primitive type 

The initiating layer is a weakly defined, uniseriate surface area which 

ivides f 1 eely both anticlmally and periclinally. N o definable initials can 

be distinguished; all the cells of the layer are morphologically alike. 

Ihe anticlinal divisions increase the area of the surface layer; the neri- 
clinal divisions form an inner core. ^ 

,. Apex with Weak Tunica-corpus Segregation.— Be^nmnes in 

distinction of tunica and corpus are perhaps present in some of the lower 
conifers. In_the Pmaceae {Abies, Pinus), the initials form a terminal 
uniseriate group. From these, by both periclinal and anticlinal divisions ‘ 
a central core and an enveloping uniseriate layer are formed (Fies Z7C 
39.4, The latte, suggests a tunica in appearance, but it his ttepLi 
pejjel^ divisions even on the flanks of the apex, and there is no clear 
line of separation between the tissues formed by the two regions 

conifers have a somewhat more specialized apex (Figs. 
38C, 395). As in the Pmae^e, th^mitials are a small group of surface 
ce s m one tier, with divisions both anticlinal and periclinal. These 
divisions form respectively, a d ermatog en-like layer and a central mass, 
but in the outer layer the peridinaLAmsions are rare or absent, except 
close to the apex. The part played by the outer layer in building the 
body of the stem is resU icted to the cells at the very apex. The outer 
layer early becomes tunica-like in its restriction of nla. nes of diviAn n 

‘Critically studied, only Cruvtomeria 
and (apices of permanent shoots) have a “dermatogen” 

m which there are no, or almost no, periclinal divisions. * The apices of 

in ^ 1 * a.ppearance of tu nica-corpii^ segregation but 

m those so far studied there is only one tier of initials and therefore' no 
maependent meristematic regions. 

The conifers show much variety in apex structure. Even within a 
species {laxodium dishchum, Sequoia sempervirens) there are marked 

V vorT*"*’ with morphology of the stem concerned, 

yigor of growth, and other conditions. 

The Stem Apex unth Definite Tunica and Corpus.— In the angiosperms 
the segregation of apical-menstem zones is usually more definite than in 
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lower groups; there are two se ts of initia ls, one above the other, which give 
rise to tinucajand corpus that are in large measure or wholly independ- 
ent (Idgs. 37/), 38/), 39C). The tunica has no or only rare periclinal 
divisions and ranges in thickness from several layers to one, with two or 
t hree lay ers probably most Irequent. The larger numbers of tunica 
layers occur more trecpientlv in the dicot v ledons. A single-lavcred 
tunica such as that ot grasses {Aveno, Triticuin) probabK' reprc'sents the 
most specialized condition, biit even in this, occasional periclinal divisions 
ma}^ occur, a s in Zea. ^ the corpus varies Irom a large c'omph'x Ivpe to a 
slender, simple type. The number of lav(‘rs in the tunica mav varv e\'en 
m an i ndividuq, ! plant. The limits oj tlu' two groups of initials and of the 
tunica and corpus is often definite but may be difficult or impossible to 
determine and in some genera (Cactaceae) the a})ex shows no distinction 
of tunica and corpus, rescanbling the apex ot tlu' })rimiti\'e gymnosperms. 
Sinocalamus Bcechcymia (a bamboo) (Fig. 38/)) and Vitica rosea 
(Idg. 39C) serve as examples. In tln^ former the tunica is two-layered 
(sometimes one- or three-layered); in the latter it is four-layered. 

Discussion, 1 u mc a-cor pu§ — the tunica-corpus tln'ory has 


served well in the establishment of an understanding of the complex, 
diverse, and v^irying meristematic i:>atterns of the stem tips of .seed plants. 
Providing a basis and. a method, it has stimulated intcaisivc' study, and 
detailed information has been obtaim^d lor a consid(‘rabl(‘ number of 
plants. The position, number, and behavior of tlie initiating cells in 
seed-{)lant stems is now in some measure known, and earlv stages in the 
development of the inimary body of the shoot are much better understood. 
Although, as with the histogens of the histogen theory, a distinction of 
tunica and corpus has little or no morphological significance, it is of 
topographical value in .studies of detailed development. Caiution is 
neces.sary le.st morphological interpretations accompany the use of the 
theory: the boundaries of tunica and corpus are often ob.scure; where the 
limits are iaiiiy distinct, the two regions may be inconstant in structure 
and 1 unction, varying with .seasonal conditions, vigor of growth, age of 
plant, position on plant, and morjdiology of the stcun tip concerned. For 
example, in some plants the innermost tunica layer of a juimary branch 
becomes an outermost part of the corpus on s(a*ondarv branches. The 
number of tunica layers varies even in apices of the .sam(‘ type at the same 
time; it is commonly le.ss on the le.ss vigorous and the lateral branches than 
on strong, leading stems. The diff(‘rences found, (‘ven on the same plant 
m the thickne.ss and distinctness of the tunica at different times and under 
( iffcrent morphological condition.s— as in main and lateral branches. 

( eciduous and persistent twigs, indeterminate vegetative^ tips and the 
<Jeterminate apices of flowers and thorns— are related directly to growth 
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status and to the morphological nature of the developing organ. A 
flexible basis is necessary for all descriptions of meristems. Tunica and 
corpus should be recognized as dynamic and fluid, not functionally or 
morphologically distinct or constant regions. 

The lateral organs of the stem — leaves, branches, and floral organs — 
arise near the apex and studies of tunica and corpus have added greatly 


to a knowledge of the origin and early development of these organs. 

The Floral Apex. — The structure of the floral apex (Fig. 39Z>) differs 
in no fundamental wa}^ from that of the vegetative stem. Such differ- 
ences as can be distinguished are those inherent in the determinate nature 
of the axis, the telescoping of internodes, and the crowding of appendages. 

It has been claimed that the floral apex differs markedly from the 
vegetative apex; that apical initials build up the ''central core'' in the 
vegetative a.xis, but that both apical and flanking tissues build up the floral 
apex; that the tunica of the floral apex has no definable initiating 
zone and that periclinal divisions occur at any depth within it. Such 
differences may occur, vaiying greatly in degree with the form and 
structure of the flower concerned, but they are’not morphological differ- 
ences. They are associated directly with the function of an apex that is 
developing into a flower — elongation ceases; the apical initials of the 
earlier vegetative growth lose their identity, and growth activity is 
restricted to the peripheral region where man}" appendages are arising at 
compacted nodal levels; the numerous periclinal divisions at all depths 
are associated with the broadening of the receptacle and with the origin 
of the floral appendages which cover it. Distinction of outer and inner 
zones varies in the floral apex as it does in the vegetative apex. The 
number of layers in the tunica of the floral apex is more in some plants, 
less in others, than in the vegetative apex. In ontogeny a floral apex 
develops by the gradual or abrupt transformation of a vegetative apex. 

The Root Apex. — The apical meristematic region of the root, lacking 
developing appendages and segregation into nodal and internodal regions, 
is simpler in gross structure than that of the stem but is complicated at 
the tip by the root cap and different methods of formation of this structure. 
The root cap is a terminal portion of the root tip, more or less definitely 
set off from the tissues beneath, covering and protecting the initiating 
apex of the root proper. It is formed by the same initials as those that 
build the root proper in all types of root tip except those of the mono- 
cotyledons where it has independent origin. Its formation is necessarily 

discussed with that of the root apex; its structure and occurrence are 
considered in Chap. X. 


The apical meristem is short compared with that of the stem ; speciali- 
zation into zones is concentrated, with the early stages lying within the 
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terminal millimeter beneath the cap (Figs. 41, 42). Growth proceeds 
in cap and root proper in opposite directions, with sequence in develop- 
ment toward the tip in the cap and away from the tip in the root itself. 
In number, the initials range from one to many (Fig. 40). Where 
the initials are more than one, they are arranged in one to four fairly 
distinct, vmiseriate groups (Fig. 40/1, C,Z)). In each group there aie one 
to several initials. Since the initials are the central members of uniseriate 
lavers and can be distinguished from their recent derivatives only by 






Fig. 40. — Diacrams of root-apex typos. A, initial .solitary, cap di.stinet, hut not 
indcpentlont in origin; li, initials in two groups, cap not struetui all\ di.stinot, foi incd hy 
same initials as pci’i 1 )loin ti nd dor mat ogon ; , initials in tin cc gi ou jis, cap not distinct, f oi ined 

hy same initials as dermatogen; D, initials in three groups, cap distinct in structure and 

independent in origin. 

position and rostriction in division to anticlinal planes, the number can 
often be determined only approximately. Furthermore, the number of 
initials in a group seems to vary with diameter and rapidity of growth of 
the root. * In slender roots it may be reduced to one — as in some grasses — 
but the zonation remains clear. Lines of zonal segregation are most 
obscure in root lips of large diameter. Where there is more than one 
group, the groups h(‘ adjacent to one another on the longitudinal axis of 
the root (Fig. -10). 

Fach of these groups (piickly develops one or more growth zones 
which are usuallv more clearlv marked than are similar zones in the stem 
apex (Figs. 41, 42). In many plants these zones appear to represent 
^‘the histop^tms,” and interpretations of the root apex have long continued 
under the liistxjgen theory. Although the terms dermatogen, periblem, 
and i)lerome ai'e no long(‘r in gcmeral us(' in d(iS(;rij)tions of stem ontogeny, 
they have ))een continiUMl for convenieiute to indicate general zones in 
studies of root.development. . A fourth histogen, the caly ptroqeyi , is added 
where the cap Iris an independent origin.^ 

In ])ublished descriptions there is uiuch confusion as to method of 
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origin of the zones and no agreement as to the number of types of develop- 
ment. The distinctness of the zones varies, and forms intermediate 
between the types have been described. There seem, however to be 
basic patterns for the major plant groups. This pattern is determined 
)y the number of initials, the number of groups of these initials, the zones 

formed by each group, the morphological nature of the cap, and the 
degree of independence of the cap. 




cell, and pleiome, penldem, and dermatogen differentiated- B transverse se ^ 

Jw.) <•>“ 


The vascular cryptogams that have a solitary apical cell in the stem— 
the horsetails, most of the ferns, some species of SdagincUa — Imve a 
similar solitary apical cell in the root (Figs. 40.1, 41). This one cell 
forms the entire root and the cap which is usually sharply distinct 
structurally. The origin of the cap from the large apical cell is clear. 

In many gymnosperms there are two groups of initials (Fig. 40/^) 
The inner forms the plerome; the outer forms the periblem and the cap 
No line can be drawn between these two regions; the cap appears 
as a distal proliferation of the periblem. A dernmtogen is not set off 
















MERISTEMSi 


i i 


at the_very apex, as in all other groups, but is formed from layers of the 
periblem a little way back from the apex where the base of the cap is 
separated from the periblem. 

In the angiosperms there are three, rarely four, groups of initials. 
In the dicotyledons the distal group forms the cap and the dermatogen; 
the median group, the periblem; the innermost, the plerome (Fig. 400. 

Proioxy lem poles 
Proiophloem poles 

-Perfcyde 

Mafure xylem 
elemenl- 



260// 



Corf ex 

'Epidermis 

Endo de rm is 
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I’k;. 42.— Diagram of .struc-iuro of a diarch tobacco root tip, showing position of stages of 

development of first vascular elements. {After F^au.) 

llie outstandirifT diaracl eristic of root-apex development in this group is 
the common origin of cai) and dermatogen. 'I'hese two luotective parts 
of the root develop from the same initials and the caj) ('an Ire looked upon 
morphologi(adly as ji spec ialized developitient of the epidermis. 

'I'he monocartyledons, like the dicotyledons, liave three groups of 
uiitials which form four zones, hut the outermosf, independently, forms' 
the cap, and that iiext heneath, the dermatogen and periblem. The out- 
standing characteristic of this type is the independence of the cap in 
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orisiu and structure. . Furtlier, tlic two zones that are formed by one 

group of initials (dermatogen and periblein) are different from those (cap 

and dermatogen) similarly formed in the dicotyledons. Although the 

group of initials from which the dermatogen and periblem arise is usually, 

umseriate (Fig. 40D), it apparently in some genera may be two or even* 
several lay ers thick. 

Rarely all the zones arise from separate groups of initials. Only a few 

aquatic monocotyledons (Pistia, Hydrocharis) are known to have this 
four-group condition. 

Variations of the types have been described as transitional and there 

has been much disagreement as to the number of tj-pes and the validity 

of the bases used in determination of them. The root ape.x is in need of 

broad and critical comparative study such as that given the shoot apex 
under the tunica-corpus theory. 

Relation of Types of Root-tip Development . — Evolutionary progress 
has perhaps been from a single center of growth to a group of three or four 
centers, with progressive increase in independence of the zones. The cap 
seems to have had different methods of origin. In the lower groups it has 
a common origin with all other parts of the root. In the gymnosperms 
It IS a specialized, distally developed part of the periblem. The dermato- 
gen, under this condition, is delayed in development and arises b 3 '’ 
specialization of periblem lavers below the surface. In the dicotyledons 
the cap appears to be a specialized development of the epidermis. In the 
monocotyledons, the cap has attained independence in origin. 
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CHAPTER IV 

TISSUES AND TISSUE SYSTEMS 


AiTioiip^ niuii}'’ lower phuits tlu'rc is little (liltc'ientuitioii in kinds of 
cells; only simple vegetative and reproductive cells are present. Groups 
or masses of these cells that are alike in origin, structiue, and tunc tion 
form tissues. The plant Ixxly consists ot vegetati\c tissue and 
‘‘ rei)rodu(dive tissue.’’ In the higher ])lants the body is complex in 
cellular structure, made uj) ot many kinds ot cells, ot most vaiied toim 
and function and ot dilteixuit origin, kor th(‘S(' ])lants a definition ot 
“tissue” that is less rigid than one that recpiires similarity of origin, 
structure, and function is necessary. Alorphologically, a tissue is a 
continuous, organized mass ot c(‘lls, alike in origin and in j)iincii)al t unc- 
tion. Within a tissue there may he great diversity of cellular form and 
function, but the cells that make up a tissue must be contiguous (not 
disperscid among other cc'lls) and must torm a stiuc*tuial jiait ot the 

plant. 

Classification of Tissues. — d^issues are classified on several bases- 
positicjii in the phmt body, kind of constituent cells, function, method or 
place of origin, stage of dev(‘lopment. Each classification is made 
primarily or wholly on one of tlu'se bases. The classifications can be 
divided into those of descriptive anatomy and morphology and those of 
physiological anatomy. Continuity of cells in the tissue is essential from 
the morphological vic'wpoint, wlu'rcais it is not important from thc‘ physio- 
logical view])oint where function alone liinds cells together as a tissue. 
This major diff(‘r(‘n(,*e in basis can be made clear l)y exami)les. Of the 
mori)hologi(ad tissue wood, or xylem, only i)art — the acrtual conducting 
cells — forms the “wood” of physiological anatomy, the supporting cells 
lielong to a differcait tissu(\ the storage cells to still another. * Morpho- 
logically the ei)idermis forms a single tissue, but in physiological treat- 
ments the majority of the cells of the epidermis are grouped with the 
p(Mid(‘rm to form “(h'rmal tissue's,” and the guard and ac'cessory cells of 
t he stomata form a i)art of the “ ac'i’at ing tissues.” Scattered and isolated 
cells and groups of c('lls form many of the tissues of physiological antomy. 

TISSUE TYPES BASED ON STAGE OF DEVELOPMENT 

Meristematic and Permanent Tissues. TissiURs are distinguished 
as “meristematic” and “pei-manent” on tlu' same basis as are cells. 
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Meristematic tissues are immature tissues in which growth is talring 

place; permanent tissues are those in which growth has ceased, at least 

temporarily. Permanent tissues— as a whole or in part— may again 
become meristematic. 


TISSUE TYPES BASED ON KIND OF CONSTITUENT CELLS 

Simple and Complex Tissues.— From the standpoint of number of 
kinds of cells making up a tissue, tissues are siynple or complex: they are 
simple when homogeneous, consisting of one kind of cell; complex when 
heterogeneous, consisting of more than one kind of cell. This classifica- 
tion aids in detailed descriptions of tissues. There are very few simple 
tissues in plants. The common ones are parenchyma, collenchyma, and 
sclerenchyma. These terms are applied also to cells ; for example, a cell 
may be called “a parenchyma cell.” Such a cell is either a unit of the 
simple tissue, parenchyma, or a cell with the characters of the cells of 
parenchyma but a member of a complex tissue. Parenchyma and 
sclerenchyma cells are common constituents of complex tissues; collen- 
chyma cells do not occur vdth other kinds of cells. The adjectives 
“parenchymatous” and “sclerenchjTnatous” indicate cells which possess 
some of the characters of the cells of parenchyma and of sclerenchyma, 
respectively, but v hich do not belong definitely in those tissues. There 
are parenchymatous fibers, sclerenchymatous cork cells, etc. 

The conducting tissues, xylem and phloem, are the prominent complex 
tissue types. They need separate discussion here because of their great 
complexity and variety and because of their structural and functional 
prominence. Other complex tissues can be interpreted as combinations 
of parenchyma and sclerenchjmia or modifications of these tissues. 
Xylem and phloem are considered in this chapter as to general structure 
and function ; they are treated further in other chapters. 

Parenchyma. Simple vegetative tissue, that is, tissue which is 
usua'ly not complex or elaborate in structure or form, like that which 
makes up the body mass of lower plants and the nonspecialized portions 
m more complex plants, is called parenchyma. Parenchyma is a rather 
loosely used term in that it is applied to all generally unspecialized and 
fairly simple tissues which are concerned largely with the ordinary 
^ vegetative activities of a plant. Parenchyma is, obviously, phylogeneti- 
cally the primitive tissue since the lower plants have undoubtedly given 
rise to the higher plants through specialization and since the single type 
or the few types of cells found in the lower plants have become by speciali- 
zation the many and elaborate types of the higher plants. Further, all 
meristematic tissue is unspecialized. Hence, it is parenchyma-like — in 
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fact, is often called parenchyma — and it can l)o said (liat, ontugenetically 

also, parenchyma is the primitive tissue. 

The general characters of parenchyma cells are diameters essentially 

equal, walls thin, protoplast present, and a capalulity for cell division 
even when the cells are permanent cells (Figs. 43, 53). Exceptions occur 
in all these characters. Parenchyma makes up large parts of various 


Fig. 4.3. Parenchyma. A, from pith of rhizome of Poly podium vulgarc; B, from cor- 
tex of root of Asclepias incarruita, the cells filled with starch grains; C, D, from pith of 
Zea, transver.se and longitudinal respectively; E, thick-walled, lignified cells from pith 
of twig of Castanea dentala, the cells containing starch grains or crystals; F, thick-walled 
cells from pith of Clematis virginiana. 

organs in many plants. Pith, the mesophyll of leaves, and the pulp of 
fruits consist chiefly of parenchyma; the cortex and peric^^cle are often 
wholly or in large part parenchyma, and parench^una cells occur freely 
in xylem and phloem. 

In early studies of plant structure all tissues were divided on the 
basis of general form and function into 'parenchyma and proscnchyma. 
The latter was distinguished from parenchyma chiefly by its elongate, 
pointed, thick-walled cells and its specialized functions of support, pro- 
tection, and conduction. Put entirel}^ different types of tissue are pres- 
ent in prosenchyma and the term became obsolete. For convenience, 
cells and tissues are still frequently described as prosenchymatous'’ in 
contrast with ‘^parenchymatous.” 

Collenchyma. — In many stems, support in early stages is given in 
large part by a soft but strong tissue known as collenchyma. Important 
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characteristics of this tissue are its early development and its adaptability 
to changes in the rapidly groAring organ, especiall 3 ^ those of increase in 
length. AVhen it becomes functional, no other strongly supporting tissues 
have appeared. It consists of elongate cells, various in shape, Arith 
unevenly thickened walls, rectangular, oblique, or tapering ends, and 
persistent protoplasts, the cells overlap and interlock in varying degrees, 
forming strands similar to those of fibers. The walls consist of cellulose 




Q 7 ‘ Collendiyma. A, B, transverse and longitudinal sections from stem of 

Solanum tuberosum; C, D, E, transverse sections from stem of Abutilon Theophrasti, stem 
of Asclepias syriaca, and petiole of Asarum canadc?isc, respectively. 


and pectin and have a high water content. (The presence of pectin 
probably accounts for the high water-absorbing capacity.) They are 
plastic, extensible, and readily adapted to rapid growth. The strands 
aie at first of small diameter but are added to, as growth continues, from 
sui founding meiistematic tissue. Cells on the borders of the strands may 
be tiansitional in structure, passing into the parenchyma type. 

^f gi eatei A\all thickness are in the form of longitudinal 
strips (Fig. 44B) which occupy the corners of the cells (Fig. 44^, C), cover 
the tangential walls (Fig. 44£'), or are confined to those parts of the walls 
that abut on intercellular spaces (Fig. 442)). Where spaces are sur- 
rounded by thickened wall strips, hollow rod-like structures are formed, 
and the collenchyma appears to consist of thick-walled cells among thin- 
walled cells (Fig. 442)). The three types of collenchyma are apparently 
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related to cell arrangement: where the cells are irregularly arranged, the 
first type is formed; where the cells lie in tangential rows, the second; 
where intercellular spaces are present, the third. These have l)een 
called respectively, -^angular/- ‘Tam^ir,’’ and ^tubular’’ collenchyma. 

A distinction of these types is hardly necessary since all may occur in a 
single small strand and merge into one another (Fig. 154). Ihe com- 
monest condition, considered the typical, is that with thickenings at the 

corners. 

The pits are simple, large or small, with ai>ertures rounded or slit-like. 
Under special treatment, the wall can be seen to be many-layeied, each 
layer extending completely around the cell but thicker where the u all is 
thickest. The layers are alternately rich in cellulose and rich in pectin. 
The thickenings appear early in the development of the cells while 
increase in cell size is still going on and provide an example of maintenance 
and strong increase in wall thickness wliile increase in aiea is continuing. 
The cytoplasm is prominent and may contain chloroplasts, although 
photosynthesis is not commonb' a function ot this tissue, ihe contents 
of some cells mav differ from those of others in the same strand, as in 

Rumex, where some cells are tannin-bearing. 

Ontogenetically collenchyma develops from elongate, procambium- 
like cells that appear very early in the differentiating meristem. Small 
intercellular spaces are present among tlio.se cells, but they disappear m 
angular and lamellar types as the cells enlarge, either closed by the 
enlarging cells or tilled by intercellular substance. 

Collenchyma is a tissue, first of all, of temporary support, and in some 

plants it serves only in this rvay, becoming crushed aiul e\ en ab.soibed as 

secondary-tissue development crowds the outer primary tissues against 

the epidermis or the first periderm layer. This crushing obtains in many 

herbaceous plants which have considerable secondary thickening, such 

as Melilotus, Chenopodium, Solidayo. The stems of typical woody plants 

rarely possess collench\Tna, and roots are without it. Permanent 

collenchyma remains in a normal functional condition in mature plant 
% ^ 

parts. Petioles, such as those of Solanum and Sambucus, which are soft 
and not particularly woody, are supported largely by permanent collen- 
chyma. Soft, herbaceous stems, such as those of Impatiens and Pilca, 
are also supported to a considerable extent in this way, and even the 
strongly woody stems of some herbs for example, species of Aster, Nepeta, 
Pelargonium, Rumex, and Lactuca possess small amounts of it. 

Collenchyma occurs chiefly in the outer parts of stems, petioles, 
and leaf midribs. Its supporting value is increased by its peripheral 
position where it often constitutes the bulk of the ridges and angles of the 
organs. Some peduncles, for example, those of Taraxacum, and many 
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nedicels owe their support almost wl.olly to it. In tlu> stems ami leaves 
of herbs this tissvie may form bundle caps and s.mdar isolated st rands, as 

in cclcrv <incl beet. , i • i • i 

Sclerenchyma -Another type of supporting tissue, which is also 

in laTge measure protecting, is .sclerenchyma. 1 he cells 
contrast with those of collenchyma have hard, usually hgniiied nails 
with a low percentage of water. At maturity they usual y have no proto- 
nlasts. The walls are uniformly ami strongly thickened. In shape and 
size, sclerenchyma cells are most diver.se, but two general types are 
recognized- timers and sclereid.s. The distinctnm ot these forms o 
sclerenchyma is one of convenience in description; it has no morphologica 
significance. Intermediate forms are many (Fig. 457?) and bo h types 
may occur in the same tissue, even intermingled, and serve the same 

general function. 

Fibers —Fibers are elongate sclerencluTna cells, usually inth pomte 
ends (Figs. 47, 54). Chemically, the walls are usually ligmtied, a though 
there are fibers uith walls largely of cellulose and others with platinous 
walls The pits of fibers are always small, round or slit-hke in outline 
and, in mature cells, unless a protoplast is present, are doubtless function- 
less Pits may be numerous but are commonly rather few in numbei , 
and in fiber types with excessively thick walls they may be few or present 
only as vestigial structures. The lumen of fibers is small; it often is a 
mere channel through the center of the fiber, and this opening may De 
blocked in spots (Fig. 54B) so that at certain levels in the hber no lumen 
exists only a line or spot representing, in cross section, its former position. 
In the development of fibers the protoplast often becomes multmucleate. 
In most kinds of fibers, however, the protoplast disappears as the cell 
• reaches maturity, and the permanent cell is dead and empty. I'lliers 
that retain their protoplasts and otlier types of fibers arc discussed m 
more detail under the tissues in which they occur {see Xylcm, Phloem, 

and Cortex). ,, 

Classification of Fibers. — If the usual and loose use of the teim nbei 

such as is covered by the above definition is accepted, fibers may occur 

in nearly all parts of the plant. They are most generally found and are 
most abundant in the cortex, pericyclc, phloem, and xylem. Morpho- 
logically, there are two distinct types. The fibers of the cortex, pcricycle, 
and pliioem possess simple jiits and are thus different from those of the 
xylem which have bordered pits (although these pits may be so reduced as 
to be essentially simple) since xylem fibers are, morphologically, reduced 
tracheids. Fibers are sometimes divided into classes, bast fibers 
and wood fibers. These groups are essentially the same as the two just 
discussed, but the terms are poor since the word “bast” is involved and 
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has, u^ortunately , several uses. In its most common use, the term 

“bast” IS synonymous with phloem or refers to fibers of the secondary 

phloem. It is more fully discussed on page 111. “Bast fibers” in the 

above classification include fibers of the cortex and pericycle as well as 

of the phloem. Fibers can best be designated by means of the tissue or 

region m which they occur, as cortical fibers, pericyclic fibers, phloem 
fibers, wood fibers, etc. 

^R^rs occur singly, or in small groups scattered among other cells 
Usually they form strands or sheets of tissue extending longitudinally' 
for considerable distances. Their value as strengthening tissue is 
largely due to their arrangement in these long masses and to the over- 
lapping and interlocking of the cells. They serve also to give general 
firmness to tissues. 

Fibers develop in two ways, ^i^those only a few millimeters long — 
foi ^xample, thc^ of^lanila hemp, Sanseineria — all parts of the 

^eh are always at the same stage of development at the same time. As in 

secondary wall is deposited simultaneously throughout 
the cell when full size is attained. In much longer fibers, for example, 
those of flax and hemp, the cell elongates apically, keeping pace with the 

growth of surrounding cells, and the secondary wall develops in part of 
the cell while the apex is still grovfing. 

term fibei is popularly applied to various plant structures 
that are not morphologically fibers: hairs (cotton); strands of cortical 
or phloem fibers (flax, hemp) ; foliar vascular bundles with their scleren- 
chyma sheaths or caps, or the caps alone (Manila hemp. New Zealand 
flax, sisal) ; strands of collenchyma (celery) ; wood cells generally (paper 

pulp); fragments of leaves and woody tissues (various drugs)- bits of 
“seed” coats (wheat flour). 

Sclereids. In contrast vdth fibers, sclereids have diameters essentially 
alike. Some sclereids are elongate (Fig. 455), and sclerench 3 Tna types, 
especially in seed and fruit coats, may fall definitely in neither class. 

c erei s vaiy greatly in type shape, thickness of wall, form and number 
of pits, relation to surrounding cells— and various terms have been applied 
to the diffeient types. Loosely, all cells of this type are sometimes called 
sclerotic cells,^ especially when they occur in soft tissues. The term 
‘istone, cells” is often used synonymously for sclereids but is better 
restricted in application to unbranched sclereids v-ithout uniform or 
extreme form. Resemblance in shape to stones often well describes such 
cells. Stone cells may be solitary, may lie loosely together, or, when 
angular, may be closely packed and even interlocked. Stone cells in 
fleshy fruits are sometimes called grit cells. The gritty parts of the flesh 
of pears and quinces are clusters- of stone cells (Fig. 45D). 
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Stone cells have also been called brax-hysclercuts. Sclereids more 
extreme in form have been distinguished as: m<wrof<clcr<-uls (ro<l cells) 
more or less columnar in shape, constituting the “palisade layer o 
many seeds and fruits and occurring in some xerophytic leaves and stem 
cortices; ostcoscicreids (bone cells) of bone-like or barrel shape, consti- 
tuting hypodermal layers in many seeds and truits and Ircciuent m xero- 
phytic leaves; astwsclcrcids (stellate cells), with extreme lobes or arms, 
in 'leaves and stems of xeroidiytic organs; b-fe/m.sc/crcu/.s (“internal 
hairs”), dminchcd sclereids with lobes iirojecting, like hairs, into intei- 
celliilar’ spaces, in leaves and stems of hydrophytes. 'I'lie la.st two types 
are struct urallv closelv alike. .\ classification of sclereids on shape and 
.structure is of little value. The character of “branching” (ir “non- 
branching pit cavities,” which has been ii.-^ed. in part, in (listingiiishing 
sclereid types, is largely dependent upon the thickness of the cell wall. 
Sclereids may occur almost anywhere in the plant body but an' most 
abundant, in the cortex, in the ))hloem, and in truits and seeds. J'**'*^ 
fibers, they occur singly, in groups of a few cells, or in largi' masses. 1 he 
hard jiarts of seeds, nuts, and hard truits generally are made up hugely 
(d stone cells of various tyiies. When' stone ci'lls are scattered, they 
nu'relv give tirmness, as in l('a\'('s and the th'sh ol tiuits. In m.issc's, the\ 
<>ive hardness and mc'chanical protection, as in many kinds ot baik and 

ill the shells of nuts. 

The wall of sclereids is very t hick and strongly lignilied. ( fccasionally, 
it is suberized or ('utinized. l lu' pits are vi'i y small, with rovmd ajiertures, 
and their cavities have tlu' form of more or less branching canals because 
of the fact that, as the area of tlu' ci'll wall is n'ducc'd on the inside liy 
the increased thickening, tlu' pits an' bi ought- togi'thei (fig. •l,).l,t-). 
d'wo or even several pits thus fusi' to form one structure which has only 
one api'i’t ure m each ci'll but has as many arms as t ii(‘i e v (*i e oi igmal ])it s. 
Scli'ii'ids are usually (h'ad ci'lls. The shriveled remains of proto))lasm 
and inclu.sions of the iirotoplast. such as tannin and mucilage, may be 

present . 


THE IMPORTANT COMPLEX TISSUES 

The struct iinil and functional jiroininence of the vascular system 
renders its tissues of importance as tissue tyjies. These vascular 

tissues are, in fact, the only complex tissues which need separate discus- 
sion; all others may he interpreted as combinations of iiarenchyma and 

sclerenchvina and of modifications of thes(' tissues. The following 

% 

tieatm(‘nt of vascailar tissues is of gimeral natures only since a description 
of xyhun and i)hloem as primary and s(‘condary tissues and as specially 



90 


AN INTRODUCTION TO PLANT ANATOMY 


modified in various organs will be found in other chapters. The develop- 
ment of xylem and phloem is discussed in part in Chap. VI. 


Xylem 

The Tracheid.— The fundamental cell type in xylem is the trachcid. 
The tracheid is an elongate cell with tapering ends (Fig. 46) which, when 
matui e, ^s nonliving, that is, without a protoplast. The walls are hard 
but not thick and are usually lignified. In cross section the tracheid is 
typically angular, though more or less rounded forms occur. The 
tracheids of secondary xylem, owing to their method of arrangement, have 
fev ei sides than those of primary xylem and are often more sharply 
angulai . 4. he ends of the tracheids do not taper uniformlj^ to the tip 

in all planes, but the tapering is confined largely to the radial plane and 
xisually to one side of the cell only. Tlie end of a tracheid of the second- 
aiy wood is moie oi less chisel-like. Ihe tapering is seen in tangential 
sections of the tracheid j radial sections do not show* tapering, the end of 
the cell in such sections being rectangular or somewhat rounded. The 
pits Ri 0 fl»l)iiriclcint tHid of the borclorccl thoiigli thov Vciry in size, 

ill outline, iind in distribution o^’' 0 ^ the WcilIs. The lumen of n tracheid 
is Iciige and fiee of contents oi an 3 ’' kind, dhe tracheid is apparently’’ well 
adapted stiuctuially to its functions which are water conduction, pri- 
marily, and support, secondarily. It is a long, empty, iirm-walled tube 
extending paiallel with the long axis of the organ. It is in communication 
^^dth contiguous tiacheids as well as with other ty^’pes of cells, liv^ing and 
nonliving by’’ means of numerous, well-developed pits. These thin areas 
pel mit 1 eady diffusion into adjacent cells. T he m *rangement of tracheids 
is ab\ ays such that contiguous cells o\’'erlap at least over the tapering 
portions, and over these areas of the wall, the pits are often abundant. 
Channels foi longitudinal conduction are thus jirovided through a series 
of lumina which form a more or less direct line or an anastomosing sy\stem. 

The Continuity of the ^Valls of the 7 rcicheiel. — d he individual lumina are 
shut off from one another by thick walls and, in the* pits, by' the closing 
membranes. The closing membranes, however, except in the central 
region, the torus, are veiy delicate and, at least in some of the conifers, 
are peiforated. In Tarix and Seguoia^ lor example, the perforations, 
though microscopically minute, are so numerous that the torus is sus- 
pended by a meshwork of strands (Fig. 25.4). The openings in per- 
forated pit membranes are not readily seen unless the membiane is well 
stained, but their presence is demonstrable by the passing of solid particles 

such as those of carbon in India ink under pressure from one tracheid to 
another through the pits. 
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^ 'Fits of Tracheid Walls. — The position of pits in the wall of the tracheid 
and the size and shape of pits depend upon the position and nature of 
the contiguous cells. The various larger plant groups have more or less 
constant types of bordered pits which have characteristic shape, torus, 
and extent of border. The ferns and the clubmosses have transversely 
elongated pits with narrow borders and little or no torus. The pits lie 
close together, covering the wall, giving it a ladder-like appearance (Fig. 
46/1), and the cells are called scalariform irachcids, or, better, scalariform- 
pitted tra/:hcids. The former term is undesirable in this connection since 


it is also used with other meanings and where definite pits do not occur 
(protox^dem). In other gymnosperms and most angiosperms the bor- 
dered pits are chiefly rounded with wide borders (Fig. 46^, C) ; those of the 
angiosperms are mostly much the smaller. The best development of the 
torus is in the gymnosperms where the bordered pit probably reaches its 
highest development (Figs. 24, 25). The closing membrane of these pits 
is so constructed that its position in the pit cavity can be readil 3 " changed 
from a median position to a lateral one with the torus closel}^ appressed 
to the aperture of the pit (Figs. 22C, 25B, C). A valve-like action is thus 
secured, the pit being freel^^ open when the torus is in the median position, 
diffusion — or in perforated closing membranes, direct passage — taking 
place around the torus through the peripheral part of the closing mem- 
brane. When one of the pit mouths is closed b^^ the placing of the torus 
against it, direct passage is largely’’ or wholly shut off, and diffusion must 
take place through the thicker and denser torus. Thus, apparently b^^ 
changes in the position of the closing membranes of bordered pits, there 
may be some control over the passage of fluids in X 3 ’'lem. It is significant 
that the t 3 ^pe of pit in which this control of the passage of fluids is present 
is characteristic of water-conducting cells and does not occur elsewhere; 
also that in the structuralh^ reduced pits of fiber-tracheids and fibers the 
pit membranes have lost the capabilit 3 ’' for movement. The bordered pit 
is further discussed in Chaps. II and XU. In simple pits no structural 
complexit 3 ^ occurs. 

F unction of the Tracheid. — The tracheid is structurallv^ adapted, 
both in lumen and in wall, to the function of conduction. The thick 
and firm walls of tracheids also aid in support, and, where there are no 
fibers or other supporting cells, the tracheids plav a prominent part in 
the support of an organ. For this the overlapping and interlocking 
of the cells and their union into strands and C3dinders are as important 
as are thick walls. 


Tracheids alone perhaps made up the X 3 dem of verv ancient plants, 
but in living forms wood is a complex tissue, with parenchvrnatous wood 
rays even in the simplest forms of secondary X 3 dem; and primary X 3 dem 
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(as a morphological tissue unit) always contains parenchyma cells. 1 he 
more complex types of xylem may contain several kinds of cells— 
tracheids, fibers of one or more kinds, vessels of one or two types, paren- 
chyma cells (known as xylem TMrcnchyma or wood parenchyjna), and wood- 
ray parenchyma. Further discussion of the constitution ot xylem will 

be found in Chap. VII. 

The tracheid clearly serves both as a conducting and as a supporting 
cell But evolutionarv development in xylem has resultetl m a specializa- 
tion of this once simple tissue in such a way that the original functions of 
the tissue have become segregated in distinct cell types— support to fibers 
of various kinds and conduction (of an apparently more efficient type) to 
vessels. The new function of food storage has been accpured, and this is 
carried on by wood parenchyma. The wood-ray parenchyma is also 
concerned with food storage; the ray is, however, probably primarily 
concerned with lateral conduction. In complex xylem in which the defi- 
nitely dissociated functions of support and conduction aie gi\en o\ei to 
fibers and vessels respectively, tracheids are usually not tound. But in 
the w'ood of Quercus and some other genera all three kinds of cells 

are present. 

Fibers and Fiber-tracheids. — In the phylogenetic development ot the 
fiber, the thickness of the wall has been increased and the diameter of the 
lumen correspondingly decreased; the length of the cell, especially of 
the tapering end, in most types decreased, and the numlier and size ot the 
pits reduced. (Reduction of the pit in size is discussed in detail m Chap. 
II.) Where reduction has reached a stage where the lumen is so narrow— 

often nearly occluded — and the pits so small that it seems theie can be 
but little or no conduction, t 3 ^pical fibers are tormed. Between such cells 
\ and normal tracheids all intergrading forms occur. these intei mediate 
, types, which cannot be called either typical tracheids or typical fibeis, aie 
» designated Tracheids have pits in size and t^^'pe like those 

in vessels of the same tissue; in fiber-tracheids, the pits aie smallei than 
those in vessels, with reduced or vestigial borders and with the inner 
aperture narrow and extending be^aind the limits of the chambei. A line 
between tracheids and fiber-tracheids and between fibei-tiacheids and 
fibers cannot, of course, be drawn. Kxtreme specialization lesults in 
the formation of a tvpe of fiber with very thick walls and with pits so 
reduced as to be essentially simple (Fig. 47C,F,G). Such fibers are 
called librifovm wood Jihers because ot their similarity'' to phloem fibeis 
(phloem or phloem fibers having been known to early students as ‘Tiber’’), 
bibriform wood fibers occur abundantly'' in woody'' dicoty'ledons^ chiefly'' in 
the more specialized families, such astheLeguminosae. Gelatinous layers 
occur in the walls of the fil)er-tracheids and fibers of many genera in 
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Fig. 47 —Wood fibers and fibor-tracheids. A, typical fibci -traelieid, from Malus 
pami/a two-thirds slmwn; B, typical fiber-tracheid, from Liriodcndron Tulipifera, two- 
thil as s n , C , libi ifoi in fiber, from Qucrcus a/Z^a, one-fourth shown ; Z), septate fiber- 
tracheid, {ron^ Sunctenia Mafmgani, one-half shown; E, Kelatinous fiber, from Quercus rubra, 
about one-half shown; F, libriform fil:)er, from Carya ovata; G, libriforrn fiber, from Guaiacum 
sanc/nm (lignum vitae); //. “fusiform wood parenchyma cell” (sometimes called “sub- 
stitute fiber ), from first annual ring of Sassafras variifolium (like a fiber onlv in shape and 
in direct origin from cambium derivative; without the divisions usual in wood'parenchvma). 
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different families and occasionally in tracheids. Cells with these layeis 

are caUed gelatinous tracheids, jihcr-tracheids, and fibers. The so-called 

“substituk wood-fiber” (Fig. 47//) is not a fiber but a parenchyma cell 

with fiber-like form. It is discussed under wootl parenchyma. 

In some fiber-tracheids the protoplast persists after the secondary cell 

wall is mature and may divide so that two or more protoplasts, separated 

by thin, transverse partitions are enclosed within the ongmal wall. Such 

fiber-tracheids are known as septate Jibcr-ti aedwids (Fig. 4///). Ihej aie, 

in fact, not individual cells but rows of cells; the transverse plates are 

true walls, and each chaml)er has a protoplast u ith nucleus. In a mass 

of fiber-tracheids in which septation is occuiiing, all oi only pait ol t le 

cells may divide. The protoplasts of these cells, divided or undivided, 

may persist for some time. The ‘‘septa are tiue \\alls, foimec ^ 

cell division, but they lack secondary layers. A septate fiber can readily 

be distinguished from a row of wood-parenchyma cells by the absence 

of a secondary wall on the septa and the failure of the septum to extend, 

at the line of imion with the mother-cell wall, beyond the wall surlace ol 

the mother cell. The septa, further, remain unlignified. Septate fiber- 

tracheids occur in many plants, especially in shrubs and the moi e \\ oo j 

herbs, in vines, and in tropical trees. i i 

Vessels.— In the evolutionary development of the tracheid t le 

diameter of the cell has increased and the wall has becomi peifiuate ly 
large openings. These specializations permit diicct tiansmission o 
water from cell to cell. In the more primitive types ot ^•essel elements, 
the general form of the tracheid is retained and increase in diametei is not 
great; in the most advanced types, increase in diameter is enormous and 
the cell becomes drum-shaped (Fig. 48L). the tracheid is consideiably 
longer than the cambium cell from which it is derived, the piimitive 
vessel only slightly longer; the most advanced type retains the length ot 
the cambium cell or is slightly shorter, with a diametei gieatei than its 
length. In the series from least to greatest specialization the ends of the 
cells change in shape; the angle made by the tapering end wall becomes 
greater and greater until the end wall is at right angles to the side alls 
(Fig. 48L) . Some of the intermediate forms have tail-like tips beyond the 
end wall where, imder elongation, a part of the end of the cell has pene- 
trated between adjaccait cells (Fig. 48.4 ,(?,/). Wall thickness remains 
about as in the tracheid or is less, though vessels with very thick walls aie 
Ireigiently found, as in Corya, Fraxinus, and Diospyros, T.he pits are 
often more numerous and smaller than are those ot tracheids and may 
<-<)ver the wall closely. When abundant, they may be scattered or 
arranged according to some definite pattern. 1 he distribution of pits is, 
of cour.se, controlled primarily by the nature and position of the contigu- 
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Fig. 48. -Vessel elements in side view and cross section. A, B, from Betula alba; 
C, D, from Liriodcndron; E, F, from Lobelia cardinalis; G, H, from Quercus alba; I, J, from 
Mains pnmila; /C, from Acer A egundo; L, ^1 , from Quercus alba; N, end of vessel element 
from Lobelia showing perforation indicating deriv'ation of porous vessel from scalariform; 
O. ends of vessel elements from Lobelia, showing method of union of elements in a series. 
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ous cells. Thus, if another vessel is contiguous to the vessel in question, 
the wall is heavily pitted over that part ot its surtace in contact with the 
other vessel, whereas only a lew small pits or none exist in the area lying 
against a fiber. The pit-pairs between a vessel and tracheids, wood- 
parenchyma cells, and wood-ra}^ cells are similarly controlled in position, 
number, and type by the pitting normal to these cells. 

The Term Since the perforations of the cell occur usually 

in the end walls, the development ot end walls transverse to the long axis 
of the cell brings a series of cells into a definite tube-like system, which 
pro\ddes for transmission in a more or less nearly straight line. Such a 
condkion is in contrast with the indirect lines ot conduction in a group of 
tracheids. A tube-like series of cells thus tormcd has long been known as 
a vessel y or trachea. 

Both these terms have unfortunately been ai)])lied in two ways: 
to the series or svstem of cells, and to individual cells with pert orate walls 
that serve in direct water conduction. The former has the support ot 
priority and long usage and should be continued. The unit cells making 
up such a series are called vessel elementSy vessel memhcrSy or vessel units. 
(The term vessel segment,” which has been in trefiuent use is inappropri- 
ate and should be discarded l)ecause it implies that the series is a unit 
which has been divided to form the cells.) Some difficulties arise in 
the application of these terms under all conditions. In plants in which 
the water-conducting cells are tracheid-like in shape, union ot the cells 
forms a mesh-system, and vessels of the tube type are not present. 1 he 
terms “vessel element” and “vessel member” can l)e applied here to the 
individual cells. Vessels are present in the sense ol continuous series ot 
fused, perforate cells although individual tubes cannot be distinguished. 

Types of Vessel Perforations . — The openings in vessel-element walls, 
known as perforationSy are restricted to the end walls except in certain 
slender, tapering types where definite end walls cannot be distinguished, 
and they are said to be present on the side walls (Fig. 48d,£’). Most 
vessel elements are perforated in two areas, one at each end, but three 
and even four such areas occur in some vessel elements. Where there are 
three or four, connections are made with other vessels or with branches of 
a mesh work system of vessel elements. The more or less definitely 
delimited or outlined area of the wall in which perforation occurs is 
the perforation plate. Commonly this is an end wall. The ])ortion of the 
plate remaining after perforation has occurred is the perforation rim; the 
strips of cell wall between scalariform perforations are the perforation bars. 

Perforation plates are described as having a simple perforation if there 
IS but one opening; multiple perforations if there are two or more openings. 
^Iultij)lc perforations are grouped as scalariform y where the openings are 
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more or less elongate and parallel; and rcliculatc, where the arrangement 
of the openings makes a mesh-like structure. The common types are the 
simple and scalariform. The reticulate type is infrequent and not clearly 
separable from the scalariform. Small vessel elements occasionally have 
one type of perforation at one end, another at the other. Simple per- 
forations are usually round but range in form in slender elements to 
narrowly elliptical. In annular and spiral vessels the perforation is of 
either type, but most frequently is simple. Commonly, end walls 
that are transverse have simple perforations, and those that are oblique 
have scalariform openings, but there are many exceptions. Ph3dogeneti- 
cally the scalariform type is primitive and forms transitional to the simple 
are frequent. 

Vessels are characteristic of the angiosperms; in onl^^ a few are they 
lacking — the Winteraceae, Trochodendraceae, and Tetracentraceae 
(which are primitively vesselless families) and in some xerophytic, para- 
sitic, and aquatic genera where the3^ have been lost in reduction. In many 
monocot3dedons they are absent from the stems and leaves; in others from 
either the stems or the leaves. They are present in some species of 
Selaginella; among the ferns, in two species of Pteridium; among the 
gymnosperms, in the Gnetales. In each of these groups the vessel has 
clearly arisen independently, in the angiosperms probabl3^ more than once. 

Vessel Length and Width. — Vessels extend for distances that vaiy with 
the kind of plant, the t3^pe of xylem, the t3^pe of vessel element, the loca- 
tion in the organ, and apparentl3^ with the rate of growth of the organ. 
The limits of an individual vessel are difficult to determine. In climbing 
plants and in trees with ring-porous wood and simple-perforate elements 
they may be several, perhaps man3^ meters long. But the3" are often less 
than one meter and frequently onl3^ a few centimeters long. In a single 
tree they are apparently progressively longer from near the pith outward. 
It is highly doubtful that they extend ^Trom root tip to stem tip^’ in any 
plant. Where branching and interlocking of elements occur, no question 
of length arises. Even the usuall3^ direct-series type may branch, and 
determination of unit length becomes uncertain. The terminal elements 
have but one perforation and taper at the blind end. 

Although vessels characteristically are wide, the more slender forms 
may be even narrower than are t 3 q 3 ical tracheids. From this diameter 
they range to a maximum of somewhat over one millimeter. The wider 


vessels are characteristic of certain herbs, such as Zea, manv woodv vines 
and lianas, and of some trees, such as, Castanea, Querens, and Fra-xmus. 

Ontogeny of the Vessel. — \ essels are formed from series of xvlem mother 
cells — procambium cells or cambium derivatives — bv the fusion of the 
cells end to end during the last stages of development. This fusion 
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involves the loss of the end walls, or parts of those walls, so that the 
lumina of the series of cells are freely open into one another, and, with the 


walls, form a long tube (Figs. 49, 50). 

From the moristematic stage the vessel elements enlarge rapidly, 
increasing greatly in diameter, those with scalaritorm perlorations and 



I'lo. 40. — The ontoKCMiy of the vcs.sel clement in liohinia Pseudo- Acacia. .4, tlic carn- 
hiurn initial; B, the cell tniieh enlarp:ecl; C, the cell still further enlarKcd, the secondary 
wall \vell developed, except on the i)erforati()n areas where the primary is thickened, and 
the pits present; I), the cytoplasm restricted to the i)eriphery, the nucleus adjacent to the 
wall where dis.solution is occurring, the .secondary wall removed from the pore areas; E, the 
cytoplasm lost, tlie very thin end walls disinteKratiiiK; h\ the mature, perforated, empty cell. 


the more (‘longale, simply perforate types may increase in length some- 
what, th(' tips forming ‘tails’ which penetrate between siirronnding cells. 
44i()S(^ that become of great diameter, and especially those developing 

from stratified cambium initials, do not elongate and may even liecome 
sonu'what shorttir. 

During the rapid growth in cell size, the primary cell wall, although 
gr(‘atly and rapidly increased in extent, remains constant in thickness 
exetept in the areas which later disintegrati^ In the formation of the 
perforations. These' areas become thicker and marginally limited (Figs. 
I9t’, 50/^). In se'ction tluw are' leais-shapeel (in many lu'rbs) or plate-like 
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(in man}^ woody plants) and can often he seen to he three-layered, con- 
sisting of the primaiy walls of the two adjacent cells and the middle 
lamella. The primaiy walls are chiefly ot cellulose, with (loui)tless some 
pectic suhstances; the middle lamella is largely pectic. Mult iniicleate 
stages have heen reported in the development of primary vess(‘l elements 
in the Euphorliiaceae, hut the uninucleate condition is apparently charac- 
teristic of all types of vessel elements. 

Throughout the enlargement of the cell the cytoiilasm remains 
abundant and active. As maturity is reached, it begins a slow disintegra- 
tion. In some woody plants the nucleus becomes small and greatly 
flattened and lies in scant cytoplasm against the wall where perforation 
is about to occur (Fig. 49D) ; in other plants it maintains a more or less 
nearly central position in the cell. 

After the i)rimar 3 ' wall is mature, and in some woody plants the 
secondary wall is parth', perhaps even fulh' formed, the perforation 
of the end wall and loss of the protoplast begin. The wall in the pca-foi-a- 
tion area becomes thinner, and, as the cytoplasm gradually goes to pieces, 
it also disintegrates — in some plants simultaneously throughout, in others 
beginning in the center. The disappearance of this piece of wall is in 
some plants at first by a thinning, suggesting a dissolving, followed b}" a 
breaking up into several delicate layers (Fig. [{)E). Statements that 
these walls are ruptured early in vessel development under tension as the 
cells ra])idly increase in diameter and that the broken walls retract to 
form the rim are based on inac(!Ui'ate observation. 

Maturation does not proceed simultaneously in all membei s of a vessel 
series l)ut progresses from one end to the other. The statement that a 
vessel matures simultaneously from the base of a tree trunk to its tip is 
not borne out by careful study. The cambium, which forms the rows of 
vessel-element initials, itself progresses in activity' from one region to 
another in various directions. 

The prcjgress of perforation of vessel elements seems to be (‘loselv simi- 
lap in llie piotoxylom and inetaxylem of licihs and the secanulary xyleni 
of trees. It apparently has not heen studied in detail elsewhere. 

d'he i)erforation rim elo.sely rescmhles the rest of the cell wall. It 
\ ill ies in w idt h w it h \ e.ssel type from a hroad hand to a ridjije so narrow as 
to h(‘ hardly evident. It always has the same eharaeters as the side 
walls— the .same thickness and liKnilication and the same sculpturing: 
pit-pairs, liars, or s|)irals. In annular cells, a terminal ring of .secondary 
wall at the somewhat constricted end oj the vessid element forms an 
inconspicuous rim. In slender, loose-spiTal elements, a terminal turn of 
the spiral may form the rim; in cells with more tightly coiled spirals, the 
run has u.sually two or more turns of the spiral which arc interrupted hy 
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the perforation. The obscure cell ends and rim in annular vessel ele- 


ments — which are usually veiy long because of the excessive stretching 
to which these first-formed xylem cells are subjected — are easily over- 
looked, and a series of cells may be interpreted as one. 

That the perforations of vessel elements represent enlarged and 
fused bordered pits from which the closing membranes have disappeared is 
clear. All transitional stages are frequently found; occasionally, a single 
end wall shows typical, normal, bordered pits, similar pits vdthout mem- 



A C E 



B D F 


Fig. 51. — Wood parenchyma 
cells in longitudinal and trans- 
verse section (the protoplasts 
omitted in the longitudinal). 
A, B, from Qucrcus alba; C, D, 
from Mains pumila; E, F, from 
Carya ovata. (The scale of this 
figure is twice that of the 
figures of trachcids, fibers, and 
vessels.) 


branes, and semifused groups of two or more 
pit-shaped openings. This fusion is, of 
course, not ontogenetic but ph^dogenetic. 

In simply perforated vessel elements the 
proportion of the end wall occupied by the 
perforation is greatest where the wall is 
transverse; under this condition the wall is 
reduced to a narrow perforation rim and in 
extreme cases may be almost or quite lack- 
ing. The limit of the vessel members is 
always made clear, however, by the division 
of the lateral wall and frequentl}" also by the 
median bulging of the walls of the individual 
cells. A given species or genus may possess 
one type of vessel exclusively, or both types 
may be present in the same tissue. Where 
both types occur, the vessels with the larger 
elements are usually simply perforate and 
those with the smaller ones scalariform. 

The vessels of the secondary wood in 
many plants possess spiral thickenings of the 
secondary wall (Fig. 17). The functional 
significance of this structure is unknown. 


Wood Parenchyma. — Parenchj^ma cells are a common constituent of 


the xylem of most plants. In secondaiy xylem they occur as vertical 
series of more or less elongated cells placed end to end (Fig. 51), known 
as wood or xylem parenchyma, and radial transverse series which form part 
or all of the wood ra^^s and are kno\\m as wood- or xylcm-ray parenchyma. 
Wood parenchyma varies in amoimt in secondaiy wood from none, as in 
the wood of certain conifers, such as Pimis, Taxus, and Araucaria, to a 
considerable proportion, as in many dicotyledons, and may even consti- 
tute nearly all the verticall}^ arranged tissue, as in some herbs and spongy- 
wooded trees. The primaiy wood of all except some highly specialized 
plants has always a considerable amount, especially in the first-formed 
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parts. The parenchyma of this tissue consists wholly of ^•ertlcully 
arranged cells. Parenchyma cells ol xylem, unlike tracheids, vessel 
elements, and most kinds of fibers, remain alive as long as the tissue in 
which they lie is functioning in conduction. Xylem parenchyma cells 
may be thin-walled or thick-walled; those of secondary wood often have 
thick, more or less strongly lignilied walls. In function, wood paren- 
chyma serves for food storage and is probably also associates! with con- 
duction, either directly or indirectly. Those parenchyma cells which 
constitute the xylem rays arc considered in the discussiem of secondary 

xylem. 

Function of Xylem. — That the xylem as a whole is the water-eon(luct- 
ing tissue and the chief supporting structure of vascular plants is without 
question. Secondary functions in wood parenchyma and xylem-ray paren- 
ch>ana are apparent, such as the storage ot tood (starch, oils, and othei 
substances) and of materials of such nature as crystals, gums, and resins. 
Water conduction undoubtedly takes place in the lumina of tracheids and 
vessels and possibly also in the walls, but an explanation of the lise ol sap 
through these cells has not yet l)een found. hether physical piocesses 
directly and alone are concerned, or whether the activities ot li\ ing cells 
are also involved, has long been in dispute. Histological e\ idence 
strongly suggests that the presence ot living cells is related to the upvaid 
conduction of water by tracheids and vessels. Every watei -conducting 
cell is in contact in some part of its wall surtace with one 01 moie li\ ing 
cells, and abundant pits are present in this contact area. In highly 
specialized wood, where the tissue consists largely of tiber-tracheids and 
ftbers, and where the water-conducting cells are relati\'ely tew, each vessel 
is sheathed with parenchyma cells, and no parenchyma cells occur among 
the nonconducting fibers. In xylem that lacks wood parenchyma all 
tracheids are heavily pitted with ray parenchyma. 


Phloem 

In xylem and phloem, evolutionary specialization has progressed 
along somewhat similar lines in that increased efficiency in conducting 
structures has resulted from the arrangement of cells in longitudinal 
series with closer functional intercellular relationship. In xylem a series 
of tracheids, structurally and fvinctionallv united, has become a vessel; in 
phloem a series of cells similarly united, forms a .sieve lube. 

In xylem the fundamental structural and functional cell type is the 
tracheid; similarly, in phloem the basic cell type is the Kievc element.^ Of 

‘ ‘ Sieve element” is used as a term of eonveniemee to cover ))oth sieve c(‘ll and 
sieve-tube element. 
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this fundamental phloem cell there are two forms: a simple, more primi- 
tive one, the sieve cell of gj^mnosperms and lower forms where series of 
united cells do not exist; a specialized one, the unit of a series, the sieve-tube 
element or sieve-tube unit. (The term ‘^sieve-tube segment,^^ which is 
occasionall3^ used, should be discarded because it implies that this cell is 
formed b}^ segmentation.) Unfortunatel}^, in common usage the term 
“sieve tube^’ is applied not onl\" to the series of united cells and to the 
individual members of this series but to cells that are not united in series. 
The term “sieve tube^’ was first applied to the series and is descriptive 
of this structure. It should be retained in this usage and so restricted 
as far as possible. For convenience, the loose, double use will probably 
continue; the context will in most cases indicate the exact meaning, but 
certainl}^ the terms “sieve-tube element^’ and “sieve-tube unit^^ for the 
members of a sieve tube are preferable and not ambiguous. In the study 
of sieve elements the sieve-tube element has received greater attention 
than the sieve cell, and most of the descriptions of the structure of the 
sieve element are based on the study of the sieve-tube element. 

Phloem, like X3dem, is a complex tissue. It ma3" be made up (p) of 
sieve cells and phloem parench3mia onl3% as in the pteridophytes and 
many g3minosperms, {h) of sieve cells, parench3"ma, and phloem fibers, 
as in some g3^mnosperms, or (c) of two or more of the following cell types, 
sieve tubes, companion cells, phloem parench3^ma of one or more kinds, 
phloem fibers, sclereids, and various kinds of secretoiy cells, as in 
angiosperms. 

The Sieve Cell and Sieve-tube Element. — Sieve cells and sieve-tube 
elements are morphologically eciuivalent and are alike in fundamental 
structure and in function. Thev differ in that the perforations of the 
walls of the sieve cell and their c3Toplasmic strands are all alike vheieas 
those of the sieve-tube element are of two degrees of specialization, and 
in that sieve cells are not arranged in series as are sieve-tube elements. 
These sieve cells and sieve-tube elements are elongate living cells with a 
thin cellulose wall. The protoplast has a large central vacuole and a thin 
peripheral layer of C3doplasm. No nucleus is present when the cell is 
mature. The cytoplasm contains leucoplasts which in some plants 
accumulate starch or similar substances. In some dicot3dedons the 

vacuole contains slimy materials (of proteinaceous nature) which may be 

• * 

distributed throughout the cell sap or accumulate in masses in various 
places. The slime plugs seen in sections in some plants (Figs. 109C, HOC) 
are doubtless artifacts, aggregations of slime caused by injury to the 
tissues. The wall apparently is composed of primary la3^ers only. In 
some genera, for example, Liriodendron (Fig. 108A), it ma3" become thick 
at some stages, perhaps serving then as a place of food storage. 
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Sieve Areas and Sieve Plates. — Sieve cells and sieve-tul)e elements are 
unique as living, functioning cells in the absence ol a nucleus and the 
presence in the walls of fine pores through which extend strands ol cyto- 
plasm that resemble plasmodesmata but are commonly of much gr(‘ater 
diameter and, unlike plasmodesmata, are sheathed with callus. The 
connecting strands of cytoplasm of sieve elements are clustered in areas 
of the wall knowm as sieve areas. These areas, which are uns])ecialized 
in gymnosperms and pteriodophytes, become highly specialized in 
angiosperms by enlargement of the strands and by sharper limitation. 
Such elaborated areas occupy' more or less definitely' restricted parts ot the 
cell wall — usually' of tlie end walls — which are known as Steve plates. 
Two types of sieve plates arc distinguished^6“^>/?/;/c, with one sieve area; 
coinpoiimlj with several sieve areas. In simple sieve plates the i)or(\s and 
strands tend to be veiy large, and the plate occupies all or nearlv all ot 
the end wall, which is commonly' transverse. In compound sic've plates 
the pores tend to be smaller than those of simple sieve platc's, and the 
plates occupy' only' part of the usually' oblicpie end wall. 

The sieve areas are scattered over the side and end walls or are in part 
or wholly' restricted to certain walls, as to the radial and end walls in 
sieve tubes with long-tapering ends and to the end walls where the cell 
tapers more abruptly' or has a transverse end wall (Fig. 52). The numl)er 
of sieve areas on the side walls varies greatly': there are usually' few or 
none where the end wall is transverse or nearly' so (Fig. 52P, S ) ; where the 
end wall is long-tapering, the side wall — as well as the end wall from which 
it is hardly' to be distinguished — may' be comi^letely' covergd by' closely' set 
sieve areas (Fig. 52A,E). The numl)er and position of sieve areas is to 
a large extent controlled by' the position and arrangement of the surround- 
ing sieve tubes. Sieve-tube elements may' be somewhat lobed or forkinl 
and may even have three definite ends. Such cells stand at points of 
branching of a sieve tube. In phloem with tubes of the more primitive 
type such branching may' be frecpient, the tubes forming a loose mesh 
sy'stem rather than linear unbranched or rarely branched series, as in the 
highest ty'pe. Where well-marked sieve areas are lacking on the side 
walls, vestigial sieve plates, known as lattices, arc often present (Fig. 52//, 
S). These resemble typical sieve areas and plates of various types but 
are indefinite in outline and often gliost-like; the perforations are exceed- 
ingly minute, being usually no larger than normal plasmodesmata (Fig. 
52/C) and often apparently lacking. Differences in the size of the pores 
in sieve plates and lattices of woody plants is shown by the following 
mea.surements: in Juglans nigra size of pores in the sieve plate is 1.8 to 3.5 
micra, that in the lattices, 0.5 to ().() micra; in Pop ulus dcltoiclcs, the 
sizes are, respectively, 3.5 to 5.5 micra and 0.5 to 0.0 micra; in SalLx 
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structure of sieve plates. A,B, from Pteridium, only one-fourth of cell shown; C\D, from 
Tsuga canadensis, only one-third of cell shown; E,F,G, from Juglans nigra, G, part of sieve 
plate in detail; H ,I ,J ,K,L, from Liriodendron — H ,I , with companion cells attached, J,K, 
detail of sieve plate and of lattice respectively, L, sieve plate in section; M,N,0, from 
Mains pumila, O, detail of sieve plate; P,Q,P, from Solarium tuberosum, R, detail of sieve 
plate; S,T,U, from Rohinia Pseudo- Acacia, with companion cells attached, U, detail of 
sieve plate. (The sieve tubes are drawn on the same scale as tracheids, fibers, and ve.ssels 
in Figs. 40, 47, and 48. All enlargements of sieve i)lates and latti<*es are on the same 
scale.) 
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nigra, 2.0 to 3.0 micra and 0.4 to 0.5 micra. Stages intermediate l^etween 
typical sieve areas and lattices may be found. Lattices are common in 
sieve tubes of intermediate type; they are usually absent in most herba- 
ceous plants. The term sieve jield,^' sometimes applied to lattices, has 

become confused in use and is probably unnecessar 3 ^ 

Sieve Tubes. — Union of the sieve-tube elements to form a sieve tube 
is secured structurally by modification in shape and arrangement so as to 
form a linear tube and functionally by the greater specializat ion of the con- 
necting strands in the end walls ot the elements. In evolutional^ de\ el- 
opment the sieve-tube elements have become increased in diametei and 
shortened. Thev have a range in shape similar to that ot the tiacheid- 
vessel series’, in the most primitive type the ends are long-tapeiing, and an 
end wall as distinct irom a side wall is hardly apparent (Idg. d2A,C), 
commonly the well-defined end wall is obliciue (big. 52A,//,il/) or, in the 
most specialized forms, transverse (big. 52P,S). Also in evolutionary 
development of sieve tubes their sieve areas decrease in number. the 
primitive type of sieve tube has many sieve areas on a plate occupying a 
long, oblique end wall, and tliese areas closely resemble the many areas ot 
the side walls; the most advanced type has one area in a plate occupying 
nearly all of a transverse end wall, and areas on the side walls are scarce or 
absent. The diameter ot the connecting cytoplasmic strands in this 
highest type is much greater than that ot other types. the sieve-tube type 
is not constant in families or sometimes even in genera. i he primitive type 
is found in some families considered advanced, such as the C apritoliaceae, 
and the most advanced type occurs in such primitive tamilies as the 
Moraceae and Ulmaceae. b^volutionary advance in sieve-tube type has 
apparently taken place within families (Fagaceae, Rosaceae, Leguminosae) 
and within genera (Frn.riuus, Primus). Although the sieve tub6s of vines 
and herbs are usually of the highest type, all types occur in woody and in 
herbaceous forms. 

Ontogeny of the Sieve Elements. — The mother cells of sieve elements 
vary in shape from short cylindric to elongate, slender, and tapering. 
Rrimary i)it-fields are numerous on the walls, especially in secondary 
phloem, as on young tracheid walls. As these cells differentiate, they 
elongate; the cytoplasm l)ecomes highly vacuolate and streams actively; 
the wall thickens; sieve areas develop from the pit-fields, and the cyto- 
plasmic strands become ])rominent and increase in size; callus develops 
around the connecting strands. 4'he relation of pit-fields to si(»ve ar(‘a'- 
ni ontogeny is not alt ogcdlu'r clear. Apparcaitly oik' j)it-field may form 
one or more sieve areas, or sevei-al ])it-fields form one area where the sit‘V(^ 
plate* is simple;. In plate‘S e)f this sim])le type* when the conne*eding strands 
are veay large, one or me)re ])it-fields perhaps <ake part in the* formation of 
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the pore, each strand representing one greatly enlarged plasmodesmata 
thread or the fused threads of one pit-field. In the development of callus, 
rings are first formed about the strands at the apertures of the pores; 
increasing deposition forms cylinders that sheath the strands. 

As the sieve-tube element reaches maturity in size, the wall becomes 
thinner, the nucleus disintegrates, the connecting strands continue to 
increase in diameter, the streaming of the cytoplasm ceases, the peripheral 
layer of cytoplasm becomes extremel}^ thin, the boundary'' between the 
cytoplasm and the vacuole becoms indistinct, and the semipermeable 
properties of the cell appear to be lost. At this stage the functioning 
period of the cell as a conducting structure apparently begins. In all 
plants conduction by sieve tubes probably lasts only a short time — from 
a few days in the early-formed primary phloem to a year or perhaps more 
in the secondary phloem of woody plants. 

During the functioning life of the sieve tube, the callus increases in 
amount., kaigthening the cylinders about the strands. Callus is deposited 
also on t he wall around and between the strands forming with the cylinder 
a cusliion-like mass over the sieve area. In the late stages of thickening 
in this cushion, the strands become attenuate, and some or all of them 
may be broken off. This condition seems to accompan}^ the death of the 
protoplast. The callus cushion is for this reason known as the definitive 
callus. In some woody plants, where sieve tubes seem to function during 
a second growing season — perhaps even longer — the protoplast does not 
die, and the delinitive callus is dissolved as activity in conduction is 
renewed. Under these conditions the sieve strands must remain 

I 

unbroken. Little is known in detail concerning the strucfture of sieve 
tubes that appear to function through more than one growing season. 
Callus cushions form only weakly or not all over the sieve areas of 
latti(;es. This, with the presence of few weak connecting strands, or 
none, is evidence of the vestigial nature of these structures. Lattices 
form a tiansition stage in lateral wall structure between the numerous 
sieve areas of the primitive sieve-tube element and the absence or great 

reduction in number of the highest type. 

Obliteration of Sieve Tubes . — After the loss of the protoplast of the 
sieve-tube element, the empty cell wall, at this stage as thin as in earlj'’ 
stages of development, is crushed or collapses under the pressure and 
tension of the surrounding tissues which are brought about by increase in 
diameter or length of the organ of which they are a part. In many 
herbaceous plants the callus cushions and cylinders are still present when 
crushing takes place; in secondary phloem of woody plants they have 
disappeared. The crushing of the dead sieve tubes and their companion 
cells commonly becomes so com ploto fh at these cells are soon repre- 
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sented only by strands or sheets of structureless material, and this mate- 
rial may be soon absorbed. In most plants, monocot3dedons probably 
excepted, the surrounding living cells crowd into the space formeily 
occupied b}^ the crushed cells, and evidence of the earlier structure of tliis 
tissue is difficult to find. The crushing and absorption of sie\'(' and 
companion cells is knowm as obliteration. Obliteration is furtlier dis- 
cussed in Chap. VIII. 

Sieve Cells of Gynmosperms. — Sieve cells have not been studied so 

intensivel}^ as sieve-tube elements, and the structure of their sieve areas 
is more difficult to ascertain. The connecting strands are said to he 
-arranged in small groups, and the callus c^dinders appear to surround 
these groups rather than individual strands as in angiospenns. 1 lu' 
histoiy of development, functioning period, and obliteration is much the 
same as that of sieve-tube elements. It is possible that the si(‘ve cells 
of vascular ciyptogams have a much longer iunctioning period — even 

several years — than those of seed plants. 

Companion Cells. — The companion cell is a specialized tN^pe of 

parench^^ma cell which is closel}" associated in origin, position, and 

function with sieve-tube elements. These cells occur onlv in the angio- 

% 

sperms but in these plants accompany' most sieve-tube elements. Per- 
haps protophloem sometimes lacks them, and they appear to be scarce in 
the primar^^ and earl 3^ secondar3" phloem of some wooch' plants. In 
highly specialized phloem, such as that of man3^ monocot3dedons, the3" 
are abundant, together with sieve tubes making up the entire tissue. 

Companion cells are formed b3" longitudinal, or oblique-longitudinal, 
division of the mother cell of the sieve-tube element before specialization 
of this cell begins. One daughter cell ma3^ become a companion cell and 
the other a sieve-tube element; or the latter ma3" divide further, forming 
more companion cells. Transverse divisions in the companion-cell 
initial ma3^ form a row of companion cells so that one to several ma3" 
accompan3^ each element. A companion cell or a row of a few such cells 
formed 1)3'' transverse division of a single companion-cell initial ma3" 
extend the full length of the sieve-tube element. In a species the number 
of companion cells accompan3dng a sieve-tube element is faii’b" constant. 
Solitar3% long companion cells are common in primary phloem and 
herbaceous plants; short and numerous companion cells appear to be 
characteristic of the secondarv i)hlocm of wood3' ])lants. 

Companion cells have abundant granular cytoplasm and a prominent 
nucleus which is retained through the life of the cell. Thev do not con- 
tain starch at an3" time. Thev live onb" so long as the sieve-tube element 
'vith which thev are associated and they are crushed with those cells. 

When seen in transverse section the companion cell is usually a small. 
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I riaiiji;uhir, roumlod, or renaiigiilar (*('11 l)(\si(l(^ a sieve-tube element 
(Fig. 52/, 7'). Often it seems to lie as if within the limits of the sieve- 
taibe element. If it does not, it may be impossible to determine A\dth 
which particular sieve tube it is associated for it may be in contact mth 
more than one. In secondary phloem of many gymnosperms the 
marginal cells of the rays, called albuminous cells, differ markedly from 
the other ra 3 ^ cells. The 3 '^ are discussed in Chap. VIII. 

Phloem Parenchyma. — Phloem typically contains parenchyma cells 
of other types than companion cells. Various terms have been given to 
these on a basis of shape and probable function, but these terms are con- 
fused in usage and the differences hardly merit distinction. In shape 
these cells range from elongate and tapering to broadly cylindrical, sub- 



Fir.. 53. — Phloem i)arcnchyina, loiiKitudiiial and transverse sections. A, B, from 
Salix nigra; C, D, from Robinia Pseudo- Acacia; Ey F, from Liriodendron; G, H, from JMalus 

puTnila. 


spherical, and polyhedral (Fig. 53). The elongate cell, while ^''oung, may 
divide forming a row of cells that retain in their mature form and position 
evidence of this origin. In content also these cells show great variety: 
crystals, tanniferous substances, mucilage, latex, etc. Most of the 
parench^^ma cells are filled with starch or oil during dormant periods. 
Thej’^ remain alive until cut off from the inner living tissues by periderm 
formation. Those of secondaiy phloem in age may' be transformed into 
sclereids, as in Qucrcus. 

Parenchyma may^ be lacking in phloem — the tissue consisting of sieve 
tubes and companion cells only, as in the vascular bundles of many 
monocotyledons. 

The parenchyma of the phloem ray^s is discussed under Secondary' 
Phloem (Chap. VIII). 

Phloem Fibers and Sclereids. — Sclerenchymatous cells are rare or 
absent in phloem of living pteridophydes, and they' are absent from this 
tissue in some gyunnosperms and angiosperms. But in many seed plants, 
fibers form a prominent part of both the primary' and the secondary 
phloem (Fig. 54). The fibers of the primary phloem — or part of these 
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cells — have in some plants l>e(»n inistak(‘U for p(*i*icyrlic (ilx rs ((/hap. \ ). 
Phloem fibers ditVer from xyl(‘m filx'is in tliat tlu' pits, which have* small, 
linear, or rounded apertures, arc' always simple*. 'PIk* walls arc* ligiiitied. 
In development the long-tapering 
ends become interlocked and strong 
strands are f canned. The fibers oftc'ii 
form tangential sheets or cylinders en- 
closing the inner tissues. These are 
obviously of structural import anc*e as 
layers protective to the soft cambium 
region vithin, and also to some extent 
as longitudinal strengthening tissues. 

In some herbs and occasional woodv 

% 

plants, such as Dirca palustrus, they 
apparently are of more importance in 
supporting the stem than is the xylem 
cylinder. 

Fibers of the protophloem, forming 
the outermost cells of the primary 
phloem, are prominent features of 
many stems, both wcjodv and herba- 
ceous. In the early stages of stem 
develcjpment these fibers mav con- 
tribute largely to the support of the 
stem. I hey are arranged in various 
ways: as ccjiitinuous, uniform, or ir- 
legular bands; as scattered, isolated 
strands; as clusters “capping^’ the 
primal’}^ phlc^em strands. Such 
libers are usually lignified, as are 
those ot Cantiabis (hemp), but 
rna^" be of celluloscy as in Linum 
(flax). I hese primary phloem 
libers arci olten similar to libc*‘rs 
(>f the cortex and to thcjsc* of the 
sec'ondary j)hloc'm. All or any of 
them with other fibers and scjine- 
times vascular bundles constitute 
commercial “bast.’’ 

7/ic Term “/ia,s7.” — l^ecause of the strength c^f strands of phloem 
I >ers, these have long been used in thci manufacture of cords and ropes 
•'ind in the weaving cjf matting and cloth. Fibrous tissue usc*d in this way 



A 

J'k;. 54. Phlooin filxM.s, longitudinal 
and tran.svoisc .sections. A, from Salix 
nigra, only two-thirds of cell shown; 
from Malua pumila; C, from Hohinia 
Pseudo- Acacia. (The .scale is twice that 

of the fiKiire of sieve elements, Fig. 52.) 


112 


AX INTRODUCTION TO PLANT ANATOMY 


has been known since early days as basi^ or bass. The term was originally 
applied to any fibers obtained from the outer part of a plant, though a 
large part of such material came from the secondary phloem, as in the 
basswood, Tilia. When the secondary phloem was recognized as 
distinct from the cortex, the term ^‘bast’^ was applied to this phloem, 
which was the common source of fibers. And in this sense, that is, as 
synonymous ^^dth phloem — as Avood is synonj^mous with xylem — 
‘^bast^’ is still in frequent use. With the term used in this morphological 
sense, the fibers of the phloem become bast fibers. But the term ^^bast 
fibers, ’’ or simph^ ‘^bast,^’ is also applied to aii}^ fibers from the outer parts 
of a plant. This is topographical, not histological or morphological use; 
such fibers may be a part of the cortex or pericycle. Secondary phloem 
is also frequently ^MiAuded into hard phloem, or bast, and soft phloem^^; 
and ^^bark^’ is divided into ^‘bast and living phloem.’’ The term ^^bast” 
is used to such an extent AA'ithout accurate botanical meaning that it 
should be discontinued as a technical term. Furthermore, it is superflu- 
ous, since the terms ‘^phloem,” ‘‘phloem fibers,” “pericyclic fibers,” and 
“cortical fibers” coA^er accurately all its uses. 

Primary phloem occasionally contains sclereids, and the older 
secondary phloem of many trees contains abundant cells of this type. 
These cells deA^elop from parenchyma cells as the tissue ages and the sieA^e 
tubes cease to function. 


Pitting in Cells of the Phloem. — In phloem the complex cellular 
relationship, the delicate Avails of man^^ of its cells, and the similarity of 
pits AAuth plasmodesmata to sieA^e areas AAdth cytoplasmic strands make 
the determination of pitting difficult. Statements concerning AA’all ; 
structure in some positions A^aiy greatly, and much additional information i 

is needed. The pitting of the thicker AA’alled cells is clear: the pit-pairs i 

are the simple pit-pairs of parenchyma and sclerenchyma, except that in 
some types of parenchyma the pits resemble sieA^c areas (Fig. 110Z>). 
BetAA^een sieve tube and parenchyma cell there is a sieA^e area on the side 
of the former and a pit on the side of the latter. BetAA'een the sieA^e 
tube and companion cell the AA'all is usually very thin and specialized areas 
are not seen; rarely, this AA'all is thick, and “pits” have been reported. 

It has been generally belieA^ed that companion cells are not pitted AA'ith 
parenchyma, but pit-pairs haA^e been described in some plants. 

Fimction of Phloem. — The chief function of phloem is the conduction 
of elaborated foodstuffs, both proteins and carbohydrates. The sieve 
elements are believed to be the cells concerned in this conduction AAnth 
the companion cells, or the albuminous cells, related in some AA^ay to their 
activities. The sclerenchymatous tissues — fibers and sclereids seiwe [ 

in some measure in support of organs and protection of soft, underl\nng ) 
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tissues. ]\Iany parenchyma cells are starch storage cells at certain 
periods; others perhaps serve in conduction of some substances; some are 
crystal storage regions. 

Phloem is further discussed under “Primary Body’’ ((’hap. \ ) and 
“Secondary Phloem” (C’hap. 

The Term “Phloem.” — The t erm “i)hlo(‘m” is sometimes used — 
as is the term “xylem” — to indicate only the conduct ingc(‘lls of acomph'x 
tissue whose chief function is conduction. In this usage only the si(‘V(‘ 
elements of the tissue usually called phloem arc' indicatc'd as “phloem.” 
Occasionally all the “soft cells” are labelled “phloc'in,” the sclerenchyma 
being excluded as “bast.” The restriction of “phloem” to sieve tubes 
and companion cells is especially ap|)lic‘d to protophloem. But histologi- 
cally and morphologically the entire, continuous tissue is the phloc'm, 
and the term is so used in this book. Tor exam|)le: protophloem does 
not consist onlv of the sieve-tube elements that constitute its first- 
maturing cells but includes the much later maturing fibers that surround 
them. 

“Transfusion Tissue.” — A ])eculiar type of conducting tissue, which 
consists largely of short tracheids with thin, (*ellulose walls and bordered 
pits or reticulate or s(!alariform thickenings, often accompanies typical 
vascular tissue in the leaves of the gymnosperms. These cells are 
tracheid-like in the character of their i)itting and in the absence of a 
protoplast but otherwise suggest elongate ])arenchyma cells. They lie 
adjacent to tvi)ical xylem at the sides of the bundle and may j^artly or 
even completely surround it. Since these cells seem to serve as conduct- 
ing tissue, connecting the veins and the mesophyll of the leaves, taking 
the place of the usual very small brandies of the veins, the\" form together 
what is called transfusion tissue. Though the function of this tissue is still 
uncertain, it undoubtedly represents modified vascular tissue. 

TISSUE SYSTEMS 

All tlio tissues of a jilant which perform the same general function, 

regardless of position or continuity in the body, may be considered to 

form, together, a tissue susteni. In this sense the term is whollv a nhvsio- 
1*1 * * 1 * 

logical one. There are found in physiologi(*al treatments of anatom v 
such tissue systems as the “mechanical system,” the “ absorbing system,” 
and the “storage system.” The various parts of most of such systems, 
however, are bound together only by fun(!tion; they have little or no 
stiiicturtd or moiphologictal unity, (’ontinuity and similarity of nature' 
or of (jrigin may b(‘ lacking. 

Im-oiu a morphological viewpoint the grouping of tissues into tissue 
sy.st,(‘ms is sonu'times conve'iiient. In the morphological sense, a tissue 
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system must be a complex of cells extending continuously throughout 
the plant body or over a considerable portion thereof. It may be so 
simple as to consist of only one type of cell or one type of tissue or may 
consist of two or more types of tissues. Verj^ few systems in any way 
structurally distinct can be distinguished. The older students of 
anatomy distinguished an epidermal, or tegumentary, system; a funda- 
mental, or ground, system; and a vascular systcjn. The distinction of these 
systems is not often made in present-day anatomy, doubtless because the 
systems have, in use, been morphologically too inclusive or indefinite 
or have been nonmorphological. The epidermal sj''stem has sometimes 
included a hypodermis and other cortical tissues — even periderm; the 
fundamental system, the cortex, pericycle, and pith. Recognition of 
these sj'stems has value in a strictly topographical sense and is especially 
useful in the interpretation of meristematic tissues. In young organs, the 
epidermal system consists of the derrnatogen (or protoderm) alone; the 
vascular S3’’stem consists of the procambium and the earliest formed xylem 
and phloem elements; the fundamental system consists of ground meri- 
stem — all the remaining tissues, which at this stage show little or no 
differentiation. In the mature primary body these form, respectively, 
the epidermis, the vascular tissues, and the cortex, pericycle, pith, and 

mesophjdl. 

The epidermis and vascular system are tissue systems of such uniform- 
ity and continuity of structure and of such constancy of function that 
they constitute important gross structural features of the plant body. 
The terms “epidermal system” — if used to cover epidermis onlj' — and 
vascular svstem” are convenient and valuable. Ground tissue sys- 
tern” covers the heterogeneous remaining parts. 


Secretory Tissue 

All cells directly concerned with the secretion of gums, resins, essential 
oils, nectar, and similar substances are together frequently referred to as 
“secretory tissue.” Such a classification is purely a phj'siological one, 
as secretory cells and tissues often do not have common origin or morpho- 
logical continuity. Secretory cells frequently are isolated from other 
similar cells, embedded in pith, xylem, phloem, cortex, or any repon. 
On the other hand, secretory cells may be aggregated forming a tissue 
in the strict morphological sense. Not infrequenth" such cells constitute 

a definite, organized secretory structure or gland. 

Secretory Cells. — Secretory cells are of two general types: those in 
which the secretion formed is exuded from the secreting cell, as in glandu- 
lar hairs and secretory surfaces, such as nectaries and the epithelium o 
resin and oil canals; and those in which the secretion formed is store 
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within the secretory cell. The term ( xecretonj cri/s is ottcMi applicMl to the 
first t-ype. This type of c('ll is usually characterized hy a ])rot()plast with 
richly jz;ranular (cytoplasm and a conspicaious iuic1(mis (h'ijz;s. 



55.-— Secretory tissue. A, .section of surface of nectary of Euphorhia ]}ulc}u rrinui; 
1) section of resin canal of Pinns Strohus; C, section of floral nectary of Malua purtiUa; 

, atex vessel from Traaopogon, absorption of cross-walls in progress; E, cross .section 
o oi Oiiial of youiiK fruit of Angelica alropur purea; F, .section of lysi^enous oil cavity of 

one of Citrus sinensis; G, latex cells from cortex of Euphorhia splendens; // .secretory 
ceil of bud scale of Liriodendron. (J), after Scott.) 


h, oblige, D); the secretory cell is usually larfre, with inconspicuous 
cytc'plasm and lar^e lumen filled with the secretion (Fij^. 55//j. This 
type of cell contains in various [)lants many different substances, such as 
es.sential oils in Liriodendron, Sassafras, and Zintjiber, and mucilaf^e in 
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many ferns. Glandular hairs often show elaborate specialization related 
to various functions, as, for example, the stinging hairs of the nettles, 
Urtica (Fig. 56A). Such specialized hairs are often multicellular. 

Glands. — Secretory cells are often organized into special secreting 
structures commonly known as glands. The term gland is also used 
more loosely to indicate secreting structures of any kind, including those 



Fig. 56. — Secretory hairs. A, stinging hair from Urtica gracilis; B, glandular hair 
from ovary of Gaylussacia haccata; C,D, two types of glandular hairs from leaf of Pingnicula; 
E, top view of D. (The scale of A is much less than that of the others.) 


of all stages of complexity of organization from the solitaiy secretory cell 
to the more elaborate structures. Glands are various in fimction, but 
among the more common types are those which secrete digestive enzymes, 
called digestive glands^ and those which secrete nectai*, kno^^'n as nectaries 
(Fig. 55^, C). Other types are hydathodeSy resin ductSy oil ductSy laticif cr- 
ons ducts or glands. Glands or ducts may have central ca\dties where the 
secretion is stored or transferred. The cavities are either schizogenous 
(Chap. II), like the resin ducts of Pinus (Fig. 55B)y or lysigenoiis, like the 
oil sacs in the rind of citrus fruits (Fig. 55F). 
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Digestive Glands, — In the majority of plants, enzyme secretion is not 
confined to specialized cells or tissues but is a characteristic of most living 
cells. In certain so-called ^‘insectivorous” and “carnivorous” plants 
there are special glands which secrete protein-digesting enzymes; these 
enzymes act upon insects or other organisms so that the products of 
digestion can be absorbed by the plant. In Droscra, the secretory tissue 
is at the tips of the leaf “hairs” or “tentacles,” structures which also 
serve to imprison the insects. Here, in addition to the digestive enzymes, 
there are secreted viscid sul)stances which hold the insects. In such 
plants as N epenlhes and Sarracenia, which normal have pitcher-like 
traps partly filled with Ihiuid, the glands are sessile and secrete the enzymes 
into the liquid from which the products of digestion are absorbed. In some 
other genera, for example, Dionaca and Pingnicula (Fig. 5()C,/>)> the 
glands are inactive except when stimulated by contact with animal mat- 
ter. Less specialized glandular tissue of this tyj)e is found in the embryos 
of certain seeds, but such tis.sue is u.suallv not clearlv differentiated. 

Nectaries. — Many entomophilous plants produce nectar which 
attracts insects. This substance is .secreted by specialized cells either 
on the floral parts them.selves or, more rarely, on bracts or other 
structures outside the flower. U.sually, the .secretion of nectar is from 
specialized epidermal cells which cover certain regions of the flower, rather 
than from elaborate organs adapted to secretion alone. Definite and 
elaborate structures do, however, occur in certain families, for example, 
the Euphorbiaceae. In the less specialized nectaries the secreting cells 
are superficial upon the floral parts and in mo.st i)lants clo.sely resemble the 
other epidermal cells of the region but lack a cuticle (Fig. 55C). Some- 
times they are set olf from the .surrounding epidermal cells b}" a .somewhat 
more columnar or papillo.se shape and l)y denser cytopla.sm (Fig. 55.1). 
The nectar is exuded through the wall and expo.sed upon the outer or 
nectariferous surface. The .secreting cells of stigmatic surfaces are of the 
same nature as tho.se of nectaries but are often not clearly set off from 
normal epidermal cells. 

The septal nectaries or glands of many monocotyledonous flowers are 
pockets in the septal walls of s>mcarpous ovaries where the fusion of the 
carpel walls is incomplete and the epidermal cells are glandular. The.se 
glands may be .simple, slit-like cavities or deep pockets with canal-like 

])assageways to the surface of the ovarv. 

% 

Hydathodes. — Many ])lant.s po.ssess structurally modified regions 
where water is exuded under conditions of low transpiration and abundant 
soil moisture. These arc known as hydathodes or sometimes as water 
pores or water stomata. Morphologically, they are considered to be 
(Uilarged stomata which .serve for water secretion. Structurally, they 
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may resemble stomata closely but often they show elaborate struc- 
tural specialization. Such structures do not * secrete the fluid but 
merely provide and control the openings through which it escapes. 
Hydathodes occur commonly at the tips of leaves as in grasses, at the 
apices of serrations on the margins of leaves, and in other positions. 

They are found mostly on plants of humid climates. 

Resin, Oil, and Gum Ducts. — In the gymnosperms generally and 
in many angiosperm families, resins, oils, gums, and other substances 
are secreted and conducted in ducts. In some plants, as in PinvSy these 
ducts or canals may form extensive systems extending both vertically 
and horizontally. In other plants the ducts may be local in occui- 
rence and limited in extent, as in the fruits of the Umbelliferae. In Pinus 
and closely related genera, the resin ducts are schizogenous in natiue, 
and when mature, have the structure of a tube vdth an epithelial lining 
(Fig. 55ByE). The oil ducts of the Umbelliferae (Fig. 55E) are of the 
same general nature. The secretory cells lining these cavities aie thin- 
walled parenchyma with dense protoplasm. In general, these cells are 
elongate with the long dimension extending parallel with the long dimen- 
sion of the duct. The substances secreted are various in nature and in 
some plants — for example, the resin of Pi7ii^s and of Agolhis (Kami gum), 
and some essential oils — are of much economic importance. 

Another tvpe of gland is that found in the rind of citrous fruits (Fig. 
55F). Here there is a lysigenous cavity filled vith essential oil and other 
substances that have been formed b}'' the disintegration of the cells and 
as definite secretions before the breaking down of the tissues. The 
origin of this secretion is not well understood. These glands aie the 

source of the essential oils of lemon and orange. 

Laticiferous T>ucts— Latex is found in a considerable number of 


angiosperm families. This substance appears as a white, yellow, oi 
reddish, sometimes slightly viscous fluid which has been shown to be an 
emulsion of proteins, sugars, gums, alkaloids, enzymes, rubbei, and 
other substances suspended in a matrix of watery fluid. Starch grains 
may be abundantly present. The function of latex is not well undei 
stood. It is apparently secreted by the cells in which it is containe , 
and is conducted by them throughout the plant body. The latex of 
some plants is of great importance, especially as a source of rubbei 
(Heeca, Ficus, etc.) chicle (Achras), and papain (Carica), as well as for 
other substances. liaticiferous ducts are of two types one kno^^n as 
noJiarticulate latex ducts or latex cells and the other as articulate latex ducts 
or latex vessels. The function and the contents of the two kinds of ducts 
are essentially the same, but the morphological nature and developmen 


are different. 
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Nonarticulatc LaUx Ducts . — llu'sc' ducts ai'(' individual cells thaJ. 
extend as rainilyin^ structures loi* lonjz; distances through flu', planl. 

^0* 1 he alls are solt and otten thick, and the (*\’t()|)lasni 

contains great numbers of nuclei. These ducts arise as typical small 
meristematic cells among other promeristem cells. They (piickly l)(‘come 
elongate, and their tips keep pace in growth with the surrounding meii- 

H . « 

V-T 



lok sanhl (uH r'‘ .‘T frowing raiMl.iuiM n-sion i.i i,.„t of r„rnT<,rum 

H At the left, a .nature, .sealat if„r,„ p.otnxvlen, ve:.,sel 

tives t VO ViTh transverse enti tvalls; in tl.e venter, ea.nl.inn, t.n.l it,s reeent tleriva- 

•It ti.’o • If ^ diMMon incornploto, tho i)lu aj?niopl;ists to tlic* end walls- 

i.arenchvtn-,' ''Tu 7 ‘’i‘ r';" <tf sieve tul.es, artivulate It.tex .l.iets, t.n.l storaKo' 

pai oncHj in.i. {Aficr Artschwager and M cGuirc.) 

stem, penetrtitiiig among tlie new cells. 'J'lit'v hriuich and exienil t hrttngli 
nil the tissues of the plant, even in some gtmeni (Cry/jlu.slcgia) through 

st(,on<hu_\ x\ lem. Although the branches ol a eell come in contact with 
those of other cells, no anastomo.ses occur. 

Iwo kinds of those nonarf iculate duets arc de.scribed but the iliffer- 
ences he in the number per plant, the po.sition of origin, ami extent in the 
plant body rather than in structure or function. In one kind the cells 
arise only once, in small number, in the embryo. The.se few cells, extend- 
ing with the meristcms, ramify through the entire plant. The ducts of 
in A.sclepiadacea(>, most of tlie Apocynaceae and lliiphorbiaceae, and 
^ of some other families are of this kind. Ducts of the other kind 

are*! meristems and ramify into adjacent tissues but 

nstricted m their growth to one internode and attached leaf and 
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branch. The ducts of tlie Urticaceae and those of some of the Apocyna- 
ceae (Vinca) are of this type. 

Articulate Latex Ducts . — These ducts originate in the meristems 
from rows of cells by the absorption, complete or partial, of the separating 
walls early in the ontogeny of the cells. B}" branching and frequent 
anastomoses, a highly complex system is built up. A duct of this type 
resembles a xylem vessel in that it is made up of a series of cells united to 
form a tube by the dissolution of walls, but the latex tube is living and 
coenocytic. The Papaveraceae (poppy), Caricaceae (papaya), Composi- 
tae (dandelion), jMusaceae (banana), and the genus Hevea (Brazilian 
rubber tree) have this type of laticiferous ducts. 
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CHAPTER V 


THE PRIMARY BODY 


THE PRIMARY TISSUES AND TISSUE SYSTEMS 

The developing embryo of a vascular plant is early dilfercmt iated 
into an axis and appendages, and the axis is in a short time dilf(M*(mtiated 
into stem and root. These first-formed parts of the plant body grow 
rapidly and (except for the interruption of the re.sting pei’iod of 
seeds) soon become mature. The root and stem remain m(‘ristematic 
at the tip, but the ai)pendages, which are of limit(‘d growth, be(*ome 
mature throughout. Exceptions to the continued gi'owth of the axis 
occur, for example, in flowers, thorns, and specializcnl roots; but normally 
the apical growth of the axis is unlimited, and bv its activitv the root and 
stem are increased in length, and the lateral structures, both the append- 
ages of various ranks and the l)ranches of the stem, are added. Branches 
of the root develop in a different way (Chap. X); adventitious roots 
and stems develop nearly always from new meristerns formed in perma- 
nent or in traumatic tissue'. 

Apical meristerns builel up the new parts e)f the stem anel roe)t anel fe)rm 
the appenelages. These new parts of the be)ely are strue'turally anel func- 
tionally complete, at least temporarily, anel ce)nstitute the primary body 
of the plant. Secondary ti^isnes, constituting the secondary body, may be 
added later. The.se tissues are accessory e)nly; they replace e)r reinfe)rce 
structurally or functionally certain primary tissues. Tliey increa.se the 
ve)lume e)f existing primary types, as in xylem anel phle)em, e)r aelel a new 
kinel e)t tissue which in function replaces a i)rimarv tissue e)f eliffe're'nt 
kinel, fe)r example, cork. 

the primary l)eKly is the funelaniental morphe)le)gical unit ; the devele)p- 
inent of a sece)nelary bejely ele)es ne)t change' me)rphe)le)gie*al st ruetture but. 
may in part conceal it. All fundamental tissues and be)eiy jiarts are pre.s- 
ent when ])rimary grenvth is comi)leteel. These are, in the axis, the cen- 
tral cylineler with its xylem, phloem, pith, pericycle, anel endexlermis; the 
corte'x; the epidermis; and, in the le'af, the corresponeling re.'gions anel 
tis.sues. The.se parts show great varic'ty of .structure in different j^lants 
and m different parts e)f the same plant; for example, the vascular tissue's 
of the central cylineler are arrangeel in one plant in a wav entirelv elifferent 
irom that in another plant, and at a node are dilferently placed than in 
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tlic adjacent internodes. Sucli variations of grosser general structure 
are discussed later in the chapter; the present discussion is confined to the 
histological and anatomical features of the various primary tissues and 
regions. 

Ontogeny of the Axis.^ — At or near the apex of the axis lie the apical 
cells, the persistent initiating cells which develop the primordia of every 
region (Fig. 58). The apical cells form many cells closely alike in all 
ways, building up a region in which there is little or no evidence of tissue 
differentiation, the 'proineristcm (Chap. Ill) (Fig. 58a-a). The cells of the 
promeristem differentiate as they become older, showing evidence in 
changes of size, shape, wall thickness, etc., of the various cell types into 
which they will develop. With this step the promeristem passes over 
into meristem in which a certain amount of cell differentiation is evident, 
and this meristem in turn passes over into permanent tissue. If a group 
of cells is viewed at different periods in its development, it will be found in 
the various stages mentioned. And, since the growth of the axis is apical 
and the various structural features of the axis are likewise continuousl}’^ 
formed, there are found at various distances back from the apex, stages of 
development representative of the stages through which a given group of 
cells will pass as the cells become older. In other words, the develop- 
ment through which a given part of the axis passes, over a period of time 
from its beginning until it reaches maturity, may be found at any one 
time in different levels of the axis, progressively farther and farther from 
the apex. Thus, development as seen in spatial extent supplies the story 
of development in time. (Differences in nodal and internodal structure 
are not considered here.) It is thus e\ddent that a series of cross sections 
of the axis taken in turn farther and farther away from the apex give the 
history of development of a cross-sectional area. Such a series is shown 
in Fig. 58, which also shows in longitudinal section progressive differentia- 
tion without break in continuit}^. In order that a comprehension of 
primary structure maj^ be had, it is essential that this gradual differentia- 
tion in time be understood, as well as the fact that this ma}^ be seen 
expressed in space in the longitudinal extent of the growing axis tip. 

The transition from meristem to permanent tissue does not take place 
simultaneously throughout a given level in the axis; there is overlapping 
of meristem upon mature tissues. For example. Fig. 58 c-c shows a stage 
where the pith and a part of the vascular tissues are mature. Other cells 
l)eside or around these are immature, being in the stage of procambium 
or even of promeristem. In a similar way, primary growth of a given 
section of the axis is not completed throughout the region in question 

^ Chap. Ill contains a more detailed discussion of the ttarly stages in axis devel- 
opment. 
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I'lG. 5S, — Diagrams showing development of the stem (leaf primordia, traces, gaps, and 
nodal differentiation omitted). A, longitudinal .section of tip of elongating axis; B, a-a to 
a-V, ero.ss sections of the axis at levels a-a, h-h, etc. At a-a, the entire axis is pro’me’ri.stern ; 
:it />-/> the dermatogen (d), procamhium {pc), and pith (p) are in early stages of develop- 
«nent; at c-c, the procamhium has increased in amount, forming a complete cylinder; the 
outermost and inncu tnost procamhium has hecome protophloern {pp) and protoxylem (px) ; 
the emlodormis (c) is evident; at <l-d, the procamhium is le.ss in amount, large portions of this 
tissue adjacent to the protophloem and protoxylem having hecome phloem and xylem- at 
tlic remaining layer of procamhium has Un-omc the camhium, and has formed'the first 
.secondary phloem («p) and se.-ondary xylem (.s.r) cells; at f-f, the .secondarv ti.s.-,ues are 
•M(iease<l m amount; the primary phloem (prp) is reduced hy crushing; the camhium has 
iiio\e(l outward; at p-o, further secondary growth has occurrerl. 
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before secondary growth begins; that is, there is here again an over- 
lapping in development. It is impossible definitely to delimit by trans- 
verse planes the promeristem or the primary tips, but this can be done 
approximately. 

Appendages consist chiefly of primary tissues. Leaves may be 
wholly primary but often the larger veins possess secondary tissues. 
The ontogeny of the leaf is discussed in Chap. XII. 

PRIMARY VASCULAR TISSUE 

The Procambium. In the differentiation of axis and leaf from pro- 
meristematic tissue, the formation of a uniseriate external layer is usually 
the first evidence of the complex structure seen in the mature organ. The 



simum. The procambium cells have smaller transv'erse diameter, are elongate, and have 
more dense cytoplasm. (At the stage illustrated here the cells of the pith are enlarging 
and no longer promeristematic.) 


first cells to mature, however, in either leaf or axis, belong to the vascular 
tissue. In the promeristem, where all cells are essentially isodiametric 
and alike, continuing longitudinal divisions set apart in some areas strands 
of elongate, slender cells with dense cytoplasm. This meristematic tissue 
forms the primary phloem and xylem and is known as the procambium.^ 
(The term procambium is used here to indicate the meristematic tissue 
that gives rise to the morphological vascular units, not as applied to any 
elongate meristematic cells that are cambium-like in form.) The form 

‘The terms “prov’'ascular tissue*' and “provascular ineristem*’ have recently 
been used in place of “ pmcainbiuin.” 
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and arrangement of the procambium strands foreshadow the structure of 
the primary vascular skeleton. The first procambium appears as iso- 
lated strands very close to the apex in stem and root, commonl}" at a 
distance of only a few micra. It is continuous backward in the older 
tissues with older promeristem strands and mature vascular tissue, that is, 
development is acropetal. 

The slender procambium strands increase in diameter by longitudinal 
cell division within themselves and by the addition of new cells upon their 
borders by transformation of adjacent promeristem cells. Other strands 
may appear a little lat(‘r in otlier positions in the promeristem. Increase 
in size of the strands may be so great that some or all of the strands fuse, 



'lo. 00. Diagrams showing stages m the development of a proeamhium cylinder from 
Piorneiistem .1, the hist proeamhium has appeared in the promeristem in the form of 
strands; the strands of proeamlmim have inereased in diameter, approaching one 

xvlen^'r'^'o ^ portions (on the outside and the inside) have become phloem and 

m. f. t ’ the Strands of proeamhium have united laterally, and more proeamhium has 

matured as phloem and xylem. In a later stage all proeamhium will have become vascular 
tissue, forming a primary vascular cy linder. 

and a hollow cyliiuhM- or a solid coiitral coio may ho I'ormod. Ultimately 
the proeamhium sl«‘let()n so huilt up has tlu> form of the vascular skeleton 
ot the region. Hut at no one tim(> is the eomi)lete proeamhium mass pres- 
ent hecause the oldest ])roeamhium cells (piiekly mature into phloem 
and .xylem cells, often long hefore the last of the proeamhium cells appear. 

As new cells are formed in a strand, cell length increa.ses greatly, and 
the ends hecome more tapering. Increase in length is related to the rate 
and extent ot incix'ase in length of the region in which the cells lie. In 
t us way the tissue keeps |)ace with the increa.se in the surrounding tis.siies 
witli tew or no transver.se di^■isions. In later maturing proeamhium 
ee s, tlie tran.sverse diameter of tlu' cells may also inciease progre.ssivelv. 
ttotti these chang(>s are refl(>cte<l in the size and form of the vascular 
<-ells formed from them: t h(> tir.st .siewe tubes, tracheids, and ve.ssels are 
Mmrt and excee.hngly slender; the later matured cells increasinglv longer 
•>1x1 ot somewhat great t rans^■erso diameter. The difference in length is 
paitty ohscured hy the stretching of lir.st-formed cells. 

'liaineter of the organ is increasing, 

ch-in,re'‘\l'’''’'"‘'''‘'‘'‘‘‘'”-/'‘‘''V‘''‘‘ enlarging. Spatial 

. . »Ms tlu.s nece.ssar.ly take place in the position of the strands in 

•>ti<)ti to each other ami to the center of the organ. Further, within 
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each strand, new-cell formation brings about spatial changes of the cells 
on the borders. In this way, as growth continues, the first phloem and 
the first xylem cells, which usually mature on the inner and outer margins 
of slender strands, are separated more and more widely as the strand 

becomes larger (Fig. hO). 

The first-maturing cells in a young strand are phloem cells; the 
first xylem cells soon follow. The first mature phloem cells are close 
to the apex in both stem and root, at a distance of a few micra, frequently 
within one millimeter (Fig. 42). 

The order of maturing, longitudinally, of the phloem cells in a strand 
is acropetal, like that of the procambium; that of the xylem is both 



Img. Gl. — Dia^jrams showing order of development of primary vascular tissue trans- 
versely in an organ. A, centrifugal; B, centripetal; C, both centrifugal and centripetal. 
These diagrams may also illustrate types of xylem from the standpoint of order of develop- 
ment : A, endarch; B, exarch; C, mesarch. 


acropetal and basipetal, from one or more points of beginning. Defi- 
niteness and uniformity of development transversely in a procam- 
bium strand are important characteristics of primary vascular tissue. 
The points of beginning and the order of cell maturation are constant for 
certain organs and for the major plant groups. The first xylem and 
phloem cells mature usually on the inner and outer margins of the strands 
and are separated radially by procambium in stems and lea\'es (Fig. 00) 
and tangentiallj^ by promeristem in roots. Order of development fioni 
the point of beginning is radial (as to the axis) and lateral in stems an 
leaves, radial only or chiefly in roots. Alter the first vascular cells 
mature, divisions in the central promeristem of the bundle tend to be 
in such planes that the later matured cells stand more or less in ladia 
rows. This is especially true of herbs, vines, and woody plants of the 

more advanced families. 

Centripetal and Centrifugal Growth. — The development radialb^ in ^ 
procambial strand of mature vascular cells progressively from the point 
of beginning toward the center of the axis is known as ceiiti ipctal giout^ 
(Fig. CAB), and that away from the center of the axis, ceritrifugal groivtn 
(Fig. ()l/l ). The development of phloem is probably always centripeta , 
whereas that of xylem is sometimes centripetal and sometimes centrifuga . 
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liOSS coiniiioiily, tlu' lii'st-tornKMl (-(‘lls me si( luUcd, iiol, ;i.l. ( In' ciljic o)' (|],. 
|)n)cainl)iiiin, hid noarcr Mio conter, and development is (lien liodi (invard 
and away from the ceider of the axis (Fig. (ilC). In xylem wh<>n (he 
development is toward the ei'iiter of the axis, c.cnlriinlal .vi/lrin is formed, 
and the xylem group or strand is said to he cxarcli (Fig. (il/t); when i( i.s 
away from the center of the axis, centrifugal xylem is formed and (he 
xylem unit is said to he endarch (Fig. (il.l). When developnieid is such 
(hat both cenlripetal and centrifugal xylem are formed— ('ven though the 
amount ot one type ho very small — the xylem is meMireh (Fig. (ilT). 
(nevelopmont must always he considered as re/a-lire to the center of the 
axis, not to the center of the vascular hundle in (lue.stion.) The terms 
“centripetal growUi ” and “cent rifugal growth ” refer only to seciuence of 
appearance and of maturation of procamhium cells in dehnite directions 
and do not imply growth in the sense of successii-e new-cell formation. 
The distinction of .xylem as exarch, endarch, and mesarch i.s of moriiho- 
logical and phylogenetic im|)ortanc(' hecause each type is charactc'iistic 
of definite organs or parts of organs and is restricted more or less in its 
distrihution in the larger jilant groups. For examiile, the root is always 
e.xarch; the stem of seed plants is endarch; the axis of the cluh mo.s.sc's is 
exarch; mesarch xylem is common in the ferns and infre<iuent elsewheri'. 

The First Vascular Elements: Protophloem and Protoxylem. The 

first cells of the phloem to mature are known as the protophloem; (hose of 
the xylem, the protoxylem. These cells dilfer markedly from later fornu'd 
cells of the same tissues in cell tyjic; in size and shape, heing v(>ry slender 
and long hecause stretched; and, in .xylem cells, in the structure of the 
wall. Since they are formed very early in the ontogeny of the tissue in 
which they lie, tlu'y are suhject to stre.sses due to increa.sii in diameter and 
particularly to increa.se in length of the organ. To these stre.sses the 
sui rounding meristematic cells accommodate themselves hy new-cell 
ormation and hy increa.se in size, hut the cells of the protophloem and 
I)iotox> lem are mature and no longer suhject to growth changes. In the 
n^ion in which protophloem and ))rotoxylem lie, the greatest change 
ouuiiing ift increase in length. The stresses hrought ahout hy this 
c ongation t<>nd to stretch the already matured cells. To such longitinli- 
."'l '“^,P''‘^toxylem and protopliloem cells are, to a limited extent 

i'.f i?il (' ‘'' " " liich are thin and 

( M,' ror’ua’ liK»ific<l s,'condarv wall 

extent’f ■ Picvent to some 

AUnt the collapse of the thin, pla.stic walls and the conse<,uent closure of 
liiinon attor strotrhin^-. 

n. those phloem and xylem cells which are thus capable of .stretching 
teims protophloem” and “protoxylem” are restricted. The parts 
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of phlijem and xylem which arc not. stretcihcd l)y elongation of the region 
in which they lie are known as mdaphloem and melaxylem respectively. 
Thus primary phloem consists of protophloem and metaphlocm ; primary 



A 



p a b c d p p 


Fig. G2. — Protoxjlem and nietaxj'lern in transvei.so, U, and longitudinal, A, \ 

Lobelia, a, 6, annular elements; c, d, e, spiral elements; /, scalariforin element, g, sea ar 
form-reticulate element; h, pitted vessel; p, parenchyma cell. 


xylem, of protoxylem and metaxylem. In secondary phloem and second- 
ary xylem no protophloem and protoxylem exist, for secondary tissues 
develop only after elongation ceases. A strand of xylem may consist 
wholly of protoxylem — the condition in most very small vascular bundles 
— or wholly of metaxylem, as in some slow-growing roots and ihizomes 
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but commonly hotli types of xylem are present, the proportions varying 
with the plant, the organ, and the rapidity of growth of the region in 
question. The pliloem varies similarly. 

It IS obvious that in exarch xylein the inetaxylem lies internal to the; 
protoxylem (I-ig. (WB, the protoxyloin heavily shaded); in endarch 
xylem, external to the protoxylem (Fig. (d.l); in mesarch xylem, both 
toward the inside and toward the outsid(> of the |)rotoxylem (Fig. tilf,'). 

Primary Phloem. I he fiist vascular cells to mature in a giv('n region 
are sieve elements of the iddoem— siev(‘ cells in gyninospei-ms and lower 
gioups, sieve tubes in angiosi)erins. The.se cells are of the i)rotophloem 
type. Iheir structure is difficult to determim' becau.se they closely 
lesemblc the procambium cells from which they are derived. Their 
diameter is very small; they li\e only a few days; they are soon greatly 
stretched, crushed betwec'n adjacent cells, and absorbed. 

In phloem, as also in xylem, the first-formed cells are longest, becausi* 

t ley develop while the region in which they lie is elongating most rajiidly 

and they are therefore most stretched. Later formed cells are progre.s- 

sively shorter until metaiihloem is formed. Similarly, the earliest of these 

cells have in general the smallest transverse diameter, and this diameter 

increases i)rogressively in latm- formed ctdis. The change in diameter of 

these cells is related to the similar change in the procambium cells from 

" uch they mature. The first-formed phloem and xylem cells mature 
'vnile all iirocambium cells are very slender. 

I he very first mature phloem cells of a region can be found only when 
fie procambium is still in early stages. Later all evidence of their 
earlier pre.sence has disappeared. Parenchyma cells and fibers mature 
ater from the surrounding |)rocainbiuni cells and obliterate the spaces 
‘ey occupied. The fir.st protoiihloem probably consists only of sieve 
ce s o,- sieve tubes distributed among procambium cells. C'ompanion 
<0 s are rare or absent. Later, the jirocambium cells about these first- 
ma uiing cells dillerentiate as iiarenchyma cells aiul fibers. The fibers 
‘‘KS'cgatcd in chistms or mas.ses which soonjippear homogeneous 

mirn! r‘l lnu (vdisappe*bd, or thev mav be 

havel " ' I>'‘'-‘’"<'l>.v>na. .^iHW.se phloem fibers constitute what 

narench !' "r"'' "ith the phloem 

tis.suos .sometimes all, of the 

<>1 protoon <li«tiiiguished as pericycle. .Mature conducting cells 

and u!r r meristemati.- ti.ssue— in .stem 

tips as close to the apex as ()..S mm; in root apice.s, about 1 mm 

tvnes =1 <-<)mple.x tissue with well-developed cells of all 

«<'l<-.enchvm. 'T ' r cf’ parenchyma cells, ami 

i<i m the form ol fibers or .sometimes sclereids. Parenchyma 
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cells are added to the sieve cells or sieve-tube elements as soon as meta- 
phloem begins to be formed. The various cell types are essentially the 
same as those of the secondary phloem of the same plant. The meta- 
phloem, like the protophloem, may be early crushed. In woody plants 
and in herbs with well-developed secondary vascular tissues, the soft 
cells of the primary phloem are often completely destroyed within a 
short time after maturing by the development of secondaiy tissues 
beneath them. The remnants of the flattened cells ma}^ exist for some 
time or be quickly absorbed like those of the protophloem. 

Primary phloem is of only temporary functional importance where 
secondary phloem is developed in considerable amount. Where little 
or no secondary phloem is formed, the primary phloem persists through- 
)ut the life of the organ and may be of the greatest importance physiologi- 
•ally. Structurally, such phloem is highly specialized, consisting usuall}' 
only of sieve tubes of the highest type and their accompanying companion 
cells. Such is the condition in the phloem of most monocotyledons, and 
of such dicotyledons as Cucui'bita, Ramaiculus, and Podophyllum. In 
these genera the phloem of the bundles is in part secondary, but the pri- 
mary and secondary phloem differ little histologically except that the 
protophloem may lack companion cells. In other herbaceous plants, 
such as Solarium j Asicr\ and Lobelia, where definite cylinders of secondary 
vascular tissue occur, but where the amount of secondary phloem is small, 

the primary phloem persists as functioning tissue through the life ot the 

# 

stem. In such forms the sieve tubes and companion cells often occur in 
small groups and are remarkable for their small size. An entire group 
may be of no greater diameter than one of the adjacent parenchyma cells 

(Fig. 138). 

Primary Xylem. — Protophloem probably always consists only ot one 
kind of cell, but protoxylem is a complex tissue made up ot tracheicls, 
vessels, and parenchyma cells. Fibers are probably always absent. 
Parenchyma cells surround the earliest formed tracheal cells and appeal 
to mature with or soon after the conducting cells. (The teim proto- 
xylem is commonly applied only to the more or less isolated tracheicf"' 
and vessels but is better used for the continuous tissue, including the 
parenchyma cells.) 

The water-conducting cells of the protoxylem are the characteiistic 
cells of this tissue because of the peculiar adaptation of their walls to tin 
stretching which they normally undergo. The thin, plastic, piiinai> 
walls of these empty cells are strengthened by the addition ot a lignih^'^ 
secondarv wall in the form of narrow rings and spiral bands. 1 he e 
bands a])i)ar(*ntly help to keep the conducting channels open cliuuu» 
(dongation of the cells. The tirst-foi’iiunl protoxylem ccdls haA o 
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amounts ol^ sccoiulary wall in the form of rings spaced at intervals along 
the cell (Fig. 62o,6). Such cells are called annular cells, or annular 
dements, or, more specifically, annular trac.hcids or annular vessels 
(The term “element” is often used in speaking of cells of the protoxylem 
when the cells m question may be either trachoids or ve.sscls.) Cells 
formed a little later than annular cells possess secondary walls in the form 
ot spiral hands; such cells are called spirai cells, or spirai elements (Fig. 
dc,d,e). Ihe flatness of the coils and, fo some extent, the number of the 
bands increase in the cells formed successively later and later The 
proportionate amount of secondary wall thus increases in the successively 
torined cells. The first-formed cells are subjected to an exce.s.si^•e amount 
of elongation, tho.se formed later and later to le.ss and less. Structurally 
le cells formed at any given jieriod are adaiited to the amounts of elonga- 
tion occurring during their formation and functioning period. Annular 
cells can be stretched to a greater extent than spiral cells; cells with steep 
•spiral coils more readily than those with flat coils; those with one spiral 
more freely than tho.se with several. Where the .structure of the second- 
ai.> nail suggests a spiral lying in flat coils, the coils fused at th(> corners 
oi the cell, or where a more definitely ladder-like appearance is produced 
> tians\eise bar-like thickenings running from corner to corner the cell 
■s known as sealarlform (Fig. r,2f). (The scalariform cell of pro’toxylem 
IS best calleil a scalariform protoxylem cell, since the term “scalariform 
ell IS a loose de.si-riptive term and may refer to a scalariform-pitte.l 
nwheul or to a scalariform-pcrforate.l ve.ssel. A scalariform proto.lylem 
oil ma> , of course, be also a scalarilorm vessel ) 

The sixdariform protoxylem cell is, oliviou.sly, capable of little if •uiv 
CSS unilorinly tied together, forming a network of sccond-irv tf.i, t ' ' 

•• «.<•«/.,/. d r, I (M„. ,a,„. Where the ^,r.( ; 1 I ™','';, 

more a„,l |1„. ,hi„ »|,„|a i„ ' J 

Hize and shape, the cell is pd/ed (Fia U Y i * , 

some of the I(>.s.s highly specializeil angi,, sperms' ‘ In , 

l)oth kinds of cells may occur together 'and in' ) P'^^ts 

"oody forms the water-conducting cells of 

ve.s.sels. Because protoxylem cells are made at ' l!i>KC‘l>- 

”«'■ --ny 
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appearance, have been called “ pi’otoxyleni \*essels” regai'diess of their 
tracheidal or tracheal nature. This incorrect usage probably grew out 
of the idea of the seventeenth and eighteenth centuries that the animal- 
trachea-like appearance of spiral cells indicates a conducting tube of 
indefinite length. (The use of the term “vessel,^’ or ^Hrachea/’ in 
this sense is responsible for the opinion formerly held that vessels occur 
in the gymnosperms only in the protoxylem.”) It often cannot bereadil}^ 
determined whether a given cell of the protoxylem is a vessel or a tra- 
cheid; such a cell may then be called, for example, ^‘an annular cell,^^ or 
^‘an annular element”; it should not be called a vessel unless there is 
proof of the perforation of its end walls. 

Proportion and Arrangement of Types of Protoxylem Elements. — In 
the protoxylem of a given vascular bundle, annular, spiral, and scalari- 
form cells may all exist, and each in any proportion; or one or two of the 
types may be lacking. Spiral cells, especialh^ those with closed" coiled 
bands, constitute a large proportion of most protoxylem strands. Where 
growth of the axis is rapid, a high percentage of annular elements is 
found; where slow, very few or no such cells occur. As a strand of 
protoxylem forms, not onh^ is the wall of the successiveh" formed cells 
of different character, but the cells themselves each become somewhat 
larger than the preceding ones. The order of development may thus 
usually be determined, when several or all cells are mature, on the 
basis of size alone. Often there are variations and exceptions to the 
sequence in size, but the structure of the Avail is constant in its relation to 
order of deA^elopment. 

Elongation of Protophloem and Protoxylem. — Though protophloeni 
and protoxylem are structurally adapted to stretching, and the earliest 
formed cells especially so, the elongation to Avhich they are subjected 
is often so great that their plastic capacity is .surpassed and they 
are ruptured. The protophloem cells are rapidly absorbed after destruc- 
tion, but the torn remains of the protoxylem tracheids and vessels 
persist permanently. Annular cells, being the first cells formed, are 
most frequently destro^^ed. Probably nearl}^ all annular cells that are 
not destroyed are so distorted soon after their formation as to become 
nonfunctional. The stretching of these cells at first separates the 
supporting rings, and the thin, distended AA'all between them soon sags 
or collapses. The further pulling of the AA'alls tilts the rings and turns 
them up on edge (Fig. 63-^). Still further elongation fragments the 
cells, and isolated rings of secondary AA'all, often AA'ith pieces of the primaiA 
Avail attached, are to be found Avhere the cells have been destroyed (Fi^-. 
63 J5). In spiral cells the spiral is pulled out so that it becomes steeply 
Avound or is even straightened out (Fig. 03/1). In such cells also the 
primary wall collapses 
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Protoxylem Lacunae , — Where a number of protoxylem cells lying 
together have been thus destroyed, a canal-like cavity, known as a proto- 
xylem lacuna^ may be formed (Fig. 63-B). In some instances such an 
intercellular space is much enlarged by the pulling away of the surround- 
ing parenchyma cells. Exaggerated protoxylem lacunae formed in this 
way are found in many herbaceous plants, and especially in the mono- 
cotyledons (Fig. 64C,/)) and the horsetails (Equisetum). On the other 





hand, the growtli of tissues surrounding the developing bundle at the 
formed but'tir'"^ protoxylem cells may be such that no lacuna is 

lar ^ «Pace occupied by them (Figs. 63B, left annu- 

win 1 r. •" fo™ed by the sagging 

’ ^ y o^is-hke, into the lumen when the wall is ruptured Rings 

foimmi a n «o'"ii‘ion8 the position of the first- 

«Xns ■ ° “> i" ttansveiee 
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Ontogeny of Protoxylem Elements . — The stretching and tearing of the 
walls of the tracheary elements of protoxylem takes place in the thin, 
delicate primary wall. It has been claimed that the rings, spirals, and 
bars of the secondary wall are formed bj^ the tearing apart of a previously 
formed, continuous secondary wall. Earl}^ studies demonstrated that in 
these tracheary elements of protoxylem the protoplast forms secondary 







I'lG. ()4. — Protoxylem in tratisveise and longitudinal section, showing behavior of 
surr()unding tissue. A, B, from Lobelia, showing a stretched annular element, the primarx 
wall collapsed between the rings, the adjacent parenchyma cells pressing into the spaces, 
in cross section the space oi'iginallx' occupied b\' the cell nearly filled in; C, D, from Zca, 
the surrounding parench>'ma pulled awa\’ fi'om the ijrotoxylem elements, leaving a large 
lacuna. 


wall only in those areas where rings, spirals, etc., are later present. 
Recent work has confirmed the earlier interpretation. The presence 
of spiral bands stretched until straight is further evidence that stretching 

does not break up spirals and form rings. 

Arrangemctd of Cells in Primary Vascular Tissues . — The cells of 
primary tissues of all kinds and in any organ may be arranged uniformly 

according to some pattern or may be without regularity’’ of arrangement. 

_ ^ • • 

The cells of secrondary ti.ssues, because of the method of their origin 
from meristems of the cambium type, tend to be arranged in rows or sheets. 
It is frequently stated that primary tissues are characterized by irregular, 
and .secondary liy regular arrangement, and this distinction is afifilied to 
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vascular tissues especially, but the orderly" arraufi;ement of secondary 
tissues may he broken up by unecpial development of the constituent cells. 
Also in the primary'' vascular tissues of many herba(‘(M)us and some woody 
‘^^sh)spei ms, the piimaiy xylem and phloem, especially the protox^'Iem 
and metaphloem, stand in radial rows, d^his arrangement further 
suggests secondary origin because cells of the secondary tissues stand in 
rows continuous with them. Distinction of piimarv and secondary 
tissues can be made — except for protoxylem and part of the metaxylem- 
only on method of origin, by procambium or hy cambium. Since the 
cambium itself is developed from the [irocambium as the formation of 
primary tissues ceases, only an approximate limit can be set between 

piimaiy and secondary phloem and between primary and secondarv’’ 

xvlem.^ 

« 

Primary Xylem Types. — The type of primary xylem — exareli, ondarch, 
or mesarch (Fig. 01) — is determined by the position of the ])rotoxylem in 
relation to the metaxylem or, when the primary xylem consists oidy of 
protoxylem, by the determination of the position of the fii-st-fornusl cells. 
The position of the first protoxylem cells is that of the proto.xylem 
lacuna, if .such is present or, where the tissue has closed in upon the torn 
or flattened cells, bj' the disturbance in normal cell arrangement and by 
the fragments of the destroyed cells. For the determination of xylem 
type, the study of longitudinal sections is sometimes necessary, since in 

• It has been urned that di.stinction fietween primary and secondarv ti.s.suo.s is of 
little or no value beeau.se in other tis.sues, as well as in vascular ti.ssues, no clear 
set-rcRation can ho made; that for example, internal phloem (in part) and small 
vascular bundles that form late in the ontoReny of orRaiis ari.so not from promeristem 
but from permanent or semipermanent tissue. The development of priniarv tis.sues 
may contmue mdelinitely in any oiRan, especially with chaiiRes that do not involve 
increase of the fundamental body— such chanRcs as the addition of vascular bundles 
tt ith development of storaRC and fleshy tis.sues, secretory tissues, protective structures 
nut and seed coats. Tlie.se new primary tissues are formed not as are U pL'!l 
.setondaiy tissues— m radiatiiiR rows from iier.sistent initials— but from short-lived 
piocain mim-hke cells; they arise secondarily-the meristem is secondarv-but the 
issue.s themselves obvioii.sly constitute a jiart of the primary bodv. Other charac- 
ters than that of method of development and arraiiRcment can often be used to 
separate primary and secondary tis.sues. In the place where the que.stion of limita- 
tion of primary and secondary nature most commonly ari.ses-in the transition from 
primary to .secondary xylem and phloem-the lenRth of the elements r-ulZ , si 

tlnirth in woody ilicotyledons, are very much sliorter 

than the similar (tlomcnts of tho adjacent secondarv tissue Tn i . 

initiating cells of these tissues themselves differ much in lenctli Dkr f 

lody .and hence also of i>rmiary and .secondary tis,sue.s— is necessarv for an unde^r 
standiiiR of the chaiiRes secondary growth brings about in the primary bodv Sham 

lines of separation between these tissues are often not nossibla i ' • • " arp 

niK. uiien not possible and are unnecessary. 
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cross sections annular cells may be with difficulty separated Iroin spiral 
cells, and the first-foimed annular cells may be obliteratcfl at certain 

levels. 

It cannot be too emphatically stated that the different types of pro- 
toxylem tracheitis and ve.ssels are formed at successively later and later 
stages in the ontogeny of the tissue. ISo cell, once mature, changes its 
character: an annular cell does not become a spiral cell, nor a spiral cell 
a scalariform cell. The increasing areas of secondary wall in the vaiious 
cell types are found in cells successively lormed. 

The Term “Vascular Bimdle.” — The term vaacidar bundle is applied 
to a strand-like portion of the vascular system ol a plant. Such a 
bundle consists fundamentally of primary tissties; with these, secondary 
tissues may be present. Small bundles bundle ends and the slendei 
bundles of leaves, fruits, etc. — are wholly primary. Larger bundles, 
such as those of monocotyledonous stems, may also be wholly of primary 
development; and those of many herbaceous dicotyledons are largely 
primary in nature. In these bundles the xylem and phloem are highly 
specialized, the conducting cells being of high type and reduced in 
number, and supporting cells few or lacking; protection and support 
are often given to the soft or weak conducting tissues, and support is 
given to the organ in which the strands lie, bj’ sheaths of fibeis 
which more or less complete^'' surround the strand of conducting cells. 
Because of the freciuent presence of these fibrous sheaths with the con- 
ducting cells, the libers were at one time supposed to constitute a part 
of the bundle, both morphologically and physiologically, and the bundle 
was, therefore, called a fibrovnsculai' bundle. It has long lieen tleai, 
however, that the function of the bundle is primarily conduction, and 
that the “mechanical tissue” of an axis is not necessarily related m posi- 
tion to the bundle; also that the fibrous tis.suc adjacent to the conducting 
strand is morphologically not a part of the vascular tissue. (In some 
bundles it may in part arise from the procambium strand.) Hence, the 
much better term vascular bundle has been in recent years substitute oi 
fd>rovascular bundle. The new term has not, however, wholly replace!^ 
the older and less accurate term. ( 1 he vascular bundle is fuithei 

cussed in Chap. XL) . . , 

Types of Vascular Bundles. — It is characteristic of vascular tissue tiw 

phloem or xylem is rarely found alone; a bundle usually consists of bo i 

of these types of conducting tissue. When together, xylem and 

show several types of arrangement with each other in the bundle. p- 

fall into three general classes: (a) those in which the xylem an 

phloem lie radially side by side; (b) those in which one type of tiss 

surrounds, or ensheaths, the other; (c) those in which the two types o 
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tissue are separated from one another. In the first group are collateral 
buTulles (Figs. 654, 1394,Z), 140), the phloem lying beside the .xylem 
and external to it; and bicoUaleral buiulles which are merely collateral 
bundles u ith phloem on the inside of the xjdem also (Figs. G5B 138) 
Bundles of the second group are known as concentric bundles, the type in 
which the phloem surrounds the xylem hemg amphicribral (Figs. ()5C, 139 
B), and that where the xylem surrounds the phloem, amphivasal (Figs 
bbO-, 139C). The term “concentric bundle” is often loosely used to 
indicate an amphicribral bundle, doubtless because the amphivasal type 
of concentric bundle is uncommon, and “concentric” is believed to be 
sufficiently specific. Concentric .should be u.sed only as a general 






, . ^ O E 

to each oU^r^‘“nC%vlem 'y *5' “' ““‘Ke-'ent of .xj lein and pl.locin with relation 

B,^hieonatera, huLie; -C 

descriptive term covering both amphicribral and amphivasal conditions 
rhe arrangement of the tissues in the thirtl group is such that no definite 
bundles are formed. Strands of xylem and of phloem lie on different 
ladii of an axis, separated by nonconducting tissue (Figs. QbE, 1304). 
ose s rands are commonly said to constitute radial bundles Since 

aTuntui f <^^ft-unless each strand be ctmsidered 

a bundle-and the xylem strands are often not independent but are 

xyl'em 'md nhT'''' condition in the primary 

blck to ^ goes 

lack to the period before the proposal of the .stelar theory the stele of a 

oot then constituted one bundle, radial in .structure. U iiLtnateh 

frit?;,;: r 

and ot most gymnosperms. The bicollateral biindl ' ^ ‘^'^K'ospei ms 

fihloem this tissue i« net i i •’^ost plants that have internal 

, . tissue IS not clo.sely associated with the xylem and external 
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phloem in position or method of origin. On a structural as well as a mor- 
phological basis, the amphivasal bundles of these plants are not typical 
bundles; the internal phloem is separated from the rest of the bundle. 
Amphicribral bundles are common in the terns; small bundles, such as the 
bundles in floral parts, ovule traces, and small leaf-trace bundles are com- 
monly of this type. Amphivasal bundles are rather rare. They occur 
chiefly in the monocotyledons, and there largely in nodal regions and in 
rhizomes. The radial arrangement of primary vascular tissue is char- 
acteristic of roots, where it is always present, and does not occur 

elsewhere. 

\’ascular bundles are to be thought of as parts of a unit vascular 
system, not as fundamental structural units; in the axis they are more or 
less isolated segments of a stelar column or cylindei . 

THE PRIMARY VASCULAR SKELETON 

The primary vascular tissues of a plant form a definite vascular skele- 
ton, 'which may, in a way, be compared with the skeleton of an animal. 
Tn the various organs and parts of plants, the vascular tissues differ in 
arrangement, position, and method of attachment from those of other 
organs or parts of organs, and these differences are constant and charac- 
teristic. The skeleton of a species has a definite and fixed plan and differs 
more or less from that of other species.' The skeletons of the different 
larger groups of plants— as of the larger groups of animals— differ from 
one another in important respects; the skeletons of smaller groups differ 
in less important respects, but may be very varied in structure. Great 
diversity of vascular structure exists among plants from simple to highly 

complex. . , 

The Stele. — The axis is fundamentally cylindrical, and the skele o 
of this part of the plant bod 3 ^ as a whole naturallj' conforms to this 
The vascular tissues of the stele in their simplest condition form a so i . 
rod-like column in which the phloem surrounds the xylem. .\ stele wi 
its vascular tissues arranged in this waj"^ is known as a piolosklc ( ig 
()6 A , 127) . The protostele is not only a very simple kind of stele, but a s 
is clearly the primitive type from which all others have been dei i\ e m ^ 
course of evolutionary specialization. The vascular colurnn o a 
stele when seen in cross section may be circular; symmetrically angu , 
such as trianp;ular; stellate, with lon^-projectinj; aims, oi iiiegu . 
rounded and variouslv lobed. kind oi stele dilteiing fiom t le J 
stele chieflv in that a pith is present in tlu> centm- is the , 

Holenoslde (Figs. mB, 135.4, /i). This type ol stele 
from the protostele and represents a stage in evolutionary advance. - 
the protostele, the siphonostelc shows various outlines m cross section. 
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is commonly rounded. Two types of siphonostele are found: rctophUnc. 
wheie phloem occurs only on the outside of the xylemj umphiphloic 
where phloem occurs on the inside of the xylem as well as on the outside. 
W hen the siphonostele is broken up into a network or a series of longitudi- 
nal strands, it becomes a dissected siphonostele, or ‘^dictyostele ^’^(Figs. GGC, 
135B,D,F). In some plants, as in the majority of monocotyledons, 
the vascular bundles of the dictyostele are scattered through the pith and 
cortex so that the semblance of a stele or ring is lost. Such a condition 

has clearly developed in evolution from the siphonostele or dictyostele, 
and is considered to belong to this type. 






A 


B 


Kicj. OG. 



-Diagranus illustrating the types oi arrangoincnt of vascular tissues in steles 

.1, protostele; B, siphonostele; C, dictyostele. 

1 he term monoslelc, wliich has sometimes been used as synonymous 
with protostele, was applied originally to those steles in which the vascu- 
lar tissues form a unit structure. In contra.st with the monostele was the 
polystele, a type of stele in which the vascular tissues are in the form 
o stiands each one ol which resembles more or less the entire vascular 
cylinder o protostelie plants. Thus, the proto.stele and the unbroken 
siphonostele have irecpiently been called “monosteles,” and some types 
o dissected siphonosteles termed “polysteles.” The bundles of a^dis- 
•sected siphonostc e— especially when the stele is amphiphloic and the 

thT tlTh r protosteles in cross section, and 

the stele therefore appears like a multiple protostele, hence the term 

thrthTT - »»»■ understood, 

nI . 7.’ . U broken-up siphonostele. 

the bas little use, and is commonly replaced by 

ed a dictyostele. The term “polystele,” as applied to any 
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type of dissected siphonostele, suggests inaccurate morphology, and there- 
fore should not be so used. True polysteles are doubtless present in 
some groups of fossil plants, but no living plants have this t3^pe of stele. 

Two theories exist as to the method in evolutionary change by which 
the siphonostele has been derived from the protostele. According to the 
‘^expansion theoiy,’^ the central portion of the stele does not become 


vascular but remains less specialized, becoming pith. Therefore, accord- 
ing to this theory, the pith is morphologicall}^ vascular tissue. The term 
‘‘expansion^’ is unfortunate here since expansion of the protostele has 
not necessarily occurred. According to the ''invasion theor}^,” the 
cortex has invaded the central C3dinder in the course of the ph3dogenetic 
development of vascular plants, leaf and branch gaps being the openings 
through which the change has occurred. Under these conditions, the 


pith is obviousl3^ not stelar in nature. 


A discussion of these theories lies 


outside the scope of this book. It seems, however, to have been estab- 
lished beyond much question that, in seed plants at least, the pith is 
morphologically extrastelar in nature. In most of the pteridoph3des 
the same condition obtains; in a few the pith is possibl3^ stelar in nature. 

Occurrence of Stelar Types. — The protostele, being the primitive 
t3’'pe, is found more commonl3^ among the primitive plants. It occurs in 
man3^ of the ancient fossil forms and in the present-da3^ flora is character- 
istic of the club mosses and a few of the ferns. It is characteristic of the 


roots of all plants. The siphonostele or some modification thereof is 
found in the stem of all other living plants. The ectophloic siphonostele 
is characteristic of the stems of gvmnosperms and of angiosperms gener- 
ally, and is without question the most common type. The amphiphloic 
siphonostele is found in most ferns and some families in the angiosperms. 
rThe dissected siphonostele occurs in man3^ ferns and in the angiosperms to 
some extent, especially in the herbaceous types. • Dissection of the sipho- 
nostele is brought about in two morphologicallv different wa3"s: b3' the 
overlapping of leaf and branch gaps, and bv the dropping out of segments 
of the cylinder during reduction of the vascular C3dinder in the develop- 
ment of some t3"pes of herbaceous stems. 

Leaf Traces. — Prolongations of the stelar vascular tissues that suppb' 
the leaves (Fig. G 7 ) constitute the leaf or foliar traces. The traces that 
supply one leaf constitute the leaf supply. The term " trace is appli 6 <^^^ 
to these bundles from the point where they first become evident as foliar 
supply bundles to the base of the leaf. Structurall3% leaf traces are strands 
of primary vascular tissue, the proximal part of which consists of X3dem 
alone. The distal part of the trace is made up of both xvlem and phloem, 
and secondary tissues may be added in late stages. Because the trace is 
merely an extension of the vascular system of the stem, the point of origin 
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cannot readily be determined. As an identifiable, protoxylem-containiiijr 
strand it can often be followed in the stem for some distance below the 
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I‘io. 07. JJiaKrains itlu.strutiiig leaf and branch traces and can. a i •* a- i 
section of node throUKh leaf trace and gap- li similar to T hi.r a- ^1^1 f’ 
also present; C, view of vascular c.vlinderVhf;-"; departurVo l^af 

.he gaps a.,soeiated with each; D, f-, ero.s.s .sl-tiins Uwmrgh Im ‘dirU" 

enf m.V'l' vely ; O. face view of outside of evlinde shown in C \he 

leaf and branch traces cut away at the surface of the cylinder- H fro,* • 

at a^. (In dia«ran*s A-H the vascular tissue is not differentiated as xtdeT ff' > 1 
the traces arc doubly cross-hatched. In /, more detailed structure phloem ; 

inetaxylern, and phloem being indicated.) structure is shown, protoxylem. 

level at which it begins to swing outward and there found to merge with 
other traces or with the primary xvlcm cjdinder 

the nlltr"' f from one to many, and 

the number is usually constant for a given species and often for a family 
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and even larger group. This number is the number of bundles that leave 
the stele; these in their course tlirough the cortex may fuse or branch so 
that the number entering the leaf is different. The vascular supply to 
stipules is derived from the lateral traces, usually within the cortex 
(Fig. /OX). ithin the petiole or leaf base, where the bundles are no 
longer called leaf traces, forking and fusion commonly take place. 

Branch Traces. The primaiy vascular suppU'^ to lateral branches is 
also derived from the stele of the main axis, usually in the form of two 
bundles, less often, one bundle. These strands are termed branch tj'oces, 
or ramiilar traces (Fig. (SiB^ C, G, H), Branch traces, like leaf traces, are 



I' Hi. 08. — DiaKi ani of nodal region of Phlox .sliowing relations of leaf and branch traces 
to stein stele. The leaf trace divides at once into three bundles. The two branch traces, 
still in ineristeniatic stage in the bud biise, ari.se above and lateral to the leaf trace and show 
first stage of fusion to form stele of the branch. (.1/tcr Miller and }\’ctTnore.) 


connected with the first-formed parts of the primary stelar skeleton 
Thus, all parts of the axis and the appendages are tied together by the 
primary vascular S3"stem. Where the branch supply" consists of two 
traces, these bundles unite within a short distance, forming a complete 
stele (Fig. 67C); where but one trace occurs, this strand has usually the 
cross-sectional form of a crescent or horseshoe with the opening downward, 
and the c^dindrical stele of the branch is formed bv the closure of the 
opening as the trace passes out. While the branch is still in the bud stage 
its traces are largely" in the procambium stage but their form, and relation 
to the stele of the mother branch is clear (Fig. 68). 

Leaf and Branch Gaps. — In the majority of vascular plants the out- 
ward passage of a leaf or branch trace is associated with the formation ol 
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a break or interruption in the vascular cylinder around and above the 
point of departure of the trace (Figs. 67B,C,G, 69A-F). This opening, 
through which the cortex and pith become continuous, is known as a 
gap — a leaf gap accompanies a leaf trace, and a branch gap accompanies a 




branch 

.. .^branch 
trace — 
-I leaf\ 

sm-" 

-leah.-' 
trace^ 



D 




Fig. 09. — Diagram.s showing variety of form of leaf and branch traces and gaps. A-F , 
face views of nodal region, showing traces cut away at outside of vascular cylinder, and the 
gaps: A-Z), one leaf trace, E, three traces and three gaps, F, three traces, departing to- 
gether, leaving one gap; A, the leaf gap closed below the two branch traces and the branch 
gap; F, the leaf gap fused with the branch gap; C, the leaf gap closed below the departure 
of the single branch trace; D, the single branch trace departing at the top of the leaf gap; 
E, three leaf gaps from as many traces, all fused with the branch gap; F, one leaf gap from’ 

three traces, fused with the branch gap. G-J , diagrams of vascular cylinders showing vari- 
ous amounts and types of dissection by leaf gaps. 


branch tiacG. TgciI gaps ai6 constant in appearance in the great group of 
vascular plants known as the Pteropsida. This group is made up of the 
ferns, the gymnosperms, and the angiosperms. Leaf gaps do not occur in 
the Lycopsida, a group which includes the chd) mosses, horsetails, and a 
few other similar plants. Branch gaps are present in all vascular plants 
which posse.ss a pith. In protosteles, gaps, of course, do not occur, 
since no pith is present. Gaps are not associated with root traces. 

Leaf gaps vary much in width and in longitudinal extent. Their 
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size is not directly related to the size, type, or persistence of the leaf. 
Commonly, in the gj^mnosperms and angiosperms, leaf gaps are small, 
extending but a short distance above the point where the trace leaves 
the vascular cylinder. In the ferns, leaf gaps are generally larger and 
may extend for considerable distances, even through several internodes. 
Branch gaps are commonly larger than leaf gaps and extend for greater 
distances in the axis. 

The Breaking of the Vascular Cylinder by Gaps. — The vascular 
cylinder is broken up in different degrees by the presence of leaf gaps. 
Where the gaps are small and of limited longitudinal extent, the cylinder 
is but slightly broken by them (Fig. G9G) ; but where they are large 
and elongate, extending through one or more internodes, the siphonostele 
is dissected (Fig. 69//). The degree to which a siphonostele is dissected 
depends upon the number and extent of the gaps and upon the closeness 
of the nodes. Where the gaps overlap, due to their great length or to the 
shortness of the internodes, the cylinder consists of a network of bundles 
which in cross section appear as a circle of discrete strands (Fig. 69//,/)- 
By the presence of leaf gaps alone, the cylinder may thus be broken into 
distinctly separated strands. Branch gaps still further complicate the 
structure. These leaf and branch gaps together make the primary 
vascular cylinder complex in the arrangement of its vascular tissues, 
especially in nodal regions where the leaf and branch traces are departing. 
It is further complicated in many herbs and vines by the presence of the 


breaks formed in the cylinder by reduction of vascular tissue that accom- 
panied the evolutionary development of the special stelar structure of 
these plants. 

Branch traces are separated abruptly and depart as soon as freed 
from the cylinder (Fig. 67C); leaf traces, on the other hand, may be freed 
from the cylinder and yet maintain their position in the circle for some 
distance before passing out into the cortex (Fig. 70 A). Below the point 
where the trace is separated from the cylinder, it is frequently evident 
for some distance as a distinct — though not isolated — strand, chiefly 
of protoxylem (Fig. 10 A— E). This distinctness of the strand in the 
xylem cylinder is due to the type and size of its cells that are different 
from those of the adjacent xylem. Externally, the trace is not definitel\ 
limited, merging into the xylem of the cylinder (Fig. lOE). Such a down- 
ward extension of the trace inav be verv shoi’t or lacking, or may he 

» * 

several internodes in length. 

A leaf-trace bundle is commonly freed from the stelar cylinder on 
both sides simultaneously, but one side may remain attached for a timt, 
even while the trace swungs out into the cortex (Fig. lOF ,G,//). The 
trace then appears to depart from the side of the gap rather than from 
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its base. Where a trace departs from the side of a gap or other opening 
in the cylinder already present, the gap theoretically associated with the 
new trace is not evident., being merged with the larger gap. 








Fig. 70. — Diagrams showing variations in tlie method of departure of leaf traces. 
A-E, the trace freed some distance below its departure from the cylinder: ^1, face view' 
B-E, cross sections at levels h-h to c-c, resr>ectively. F-H, the trace freed on one side before 
the other: F , face view; G and //, cross sections at levels a-<i and h-h, respectively. I and J 
traces departing from the cylinder in regions not underlying the leaf attachment — “girdling 
trace.s ’: I, course of traces .seen from the outside, the points of departure from the evlinder 
and of entrance to the petiole indicated; J, the cour.se of the traces projected from their 
departure to the petiole. K, projected course of three traces arising .separately • 
stipule supply arising froin lateral traces. L, projected course of three traces arising from’ 
one gap. M-Q, longitudinal sections of nodes showing various courses of the departing 


The Number of Leaf Traces in the Plant Groups.— The number of 
traces supplying the leaf ranges, as above stated, from one to many 
In the pteridophytes there is usually one, though sometimes there 
are two or many; m gymnosperms, one or two; and in angiosperms 
one, three, live, or many. Three is perhaps the primitive number for 
the last group; where there is one this is either the result of fusion of 
the original three in evolutionary development, or of reduction of the 
three to one by the loss of the lateral bundles. Three and one are the 
mo.st common leal-trace numbers in the flowering plants, three being 
c laractenstic of nearly all the Amentiferae, and of such families as the 
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Rosaceae, Aceraceae, and Compositae; and one of the Lauraceae, Erica- 
ceae, and Labiatae. The number of traces is largely independent 
of the size, type, and duration of the leaf, and of the nature of its attach- 
ment. Many plants with large leaves, such as Fraxinus, have one trace; 
others, such as JuglanSy three; and still others, such as Aralia, many; 
plants with small leaves likewise have one, few, or many traces. The 
floral bracts of Salix, which are minute, ephemeral leaves, have three 
traces. Leaves with clasping bases ma}^ have many, as in the Umbelli- 
ferae, or one, as in the Caryophyllaceae. 

The Departure of the Leaf Trace from the Vascular Cylinder. — The 
traces of a leaf normall}^ depart individually, often at considerable 
distances from one another laterally about the stem, as well as vertically 
on the axis (Fig. 701, J^K). Frequently, however, the traces depart 
side by side (Figs. 69F, 70L). Onl}^ one gap is then formed by the group. 
Traces most frequently depart from that segment of the stele which lies 
directly beneath the attachment of the leaf. Where there is more than 
one trace, the median trace appears opposite the center of the leaf, the 
laterals arising successively higher and higher in the stem and farther 
and farther around the cylinder from the median trace (Fig. 70/,t/). 


Traces ma^^ depart even from the side of the stele opposite to that on 
which the leaf stands. Such traces enter the base of the petiole directly 
if the latter clasps the stem extensively, or may girdle the twig in the 
cortex, swinging around the stem as they pass upward through the cortex 
to the petiole base. When traces thus pass around the stem for some 
distance in their course from vascular cylinder to petiole, they have been 
called girdling traces^ ’ (Fig. 707, J). The leaf traces of the cycads are 
girdling traces of an extreme tj^pe. Of the bundles of a leaf supply, the 
median trace is commonb^ the largest; the laterals form a series progres- 
sively smaller toward the margins of the leaf base. Lateral traces may, 
however, be stronger than the median trace, as in the potato plant 

(Fig. 73). ^ 

The angle at which the trace leaves the central cylinder varies greatly, 
being usually veiy small, the strand departing gradually from the pith 
and passing oblicpiely, sometimes almost vertically, through the cortex 
(Fig. 70N ,0,P). Less commonly, the trace passes outward at neail> 
right angles to the stele (Fig. 70M), entering the leat base after a vei> 
short course through the cortex. Branch traces also commonly pass out 
at nearly right angles. 

The Dissection of the Vascular Cylinder by Reduction. The primal > 
vascular cylinder may be broken into isolated strands by leat gaps alone, 
the number and width of the strands varying with the pattern ot leat-tiact 
number and phyllotaxy and with the width and length ot the gap. 
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(Fig. but in msiny plants the primary cylinder is still 

further dissected. This additional breakup, which took place in evolu- 
tionary development, has been brought about by a progressive reduction 
in the amount of the primary x\dem: at first radially, so that the c\dinder 
became thin (Fig. 71T); secondly, tangentiall}^ so that some longitudinal 
strips of the cylinder — those shown thin in Fig. 71 A — lost all primaiy 
vascular tissue. The nonvascular areas are sometimes called luter- 



Fig. 71. — Diagrams of primary vascular systems of stems, the cylinder .split louRj- 
tudinally and .shown in one i)lane, and cut transversely at the level of the base of portion 
shown in face view. A, Populus cnnadensis, the cylinder broken onl\' b\- leaf Kaps, and 
thin between the protoxylem strips that constitute the basic skeleton; li, PHta pumila^ho. 
cylinder consi.stiiiK of the protoxylem-containiiiK bundles, the areas between lost in reduc- 
tion. Leaf- and branch-trace origin shown in B, leaf trace only in A. 


fascicular rays (Chap. XI). Tangential reduction is found in most 

herbaceous and some woody angiosperms. In the majority of these. 

plants secondary growth soon closes the interfascicular strips and buries 

the primary vascular cylinder (Chap. VI). The primary-xylem skeleton 

is easily seen only in earl}' stages of stem development. In a small 

proportion of herbs tho.sc often erroneously considered typical of the 

group anatomically, such as Ranunculus, Curcurbita, Im-paliens, Pilea 

the nonvascular areas arc very wide and are not closed by secondar\- 

giowth (I ig. 4\li). In these the primary skeleton is easilv .seen even 

>n the mature plant. (Further discussion of stem structu're is found 
in Chap. XI.) 

The primary vascular cylinder, di.s.sected by leaf and branch gaps or by 
both the.se and interfascicular rays, is a network of anastomosing strands 
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I’k;. 72. - Diajiiaiiis of tlic* j)rimai>' vasculai' .'<>'stem ((ir of ;i pait of the .s\\steni^ <’ 
stems. A—D, the eyl-incler .split open ami shown in one i>lane: -1, I'hitja occKhntaliS (t “ 
lines represent broad bands, separated b>’ nan ciw bi eaks); B, Chenoitoth tirn {jlancuin, 
Iresinc panicitlata; A>, Ephedra distachya. E—H, t\’pes of bundle eoui st* in tl»e rnonot 
the horizontal line.s indicate nodes, the doited vertical lines inia^inarx' <‘ortical limit. . ^ 
a palm t \'pe.* E, 'I' radescaidia viryinica ; (i , rhizcjine of Acorus C'alamus; //. Scirjuas ry />( rt n 
J-M, J}id tchiurn ara ndi naceutn ; /, bundle sv'stem seen in one plane; J, lonjritudinal 
K~M, cross sections: K, above the node; L, through the node; M, below the node. ( ’ 
after Wilson; D, after Thompsot} ; E—^f, afttr PJouavnii , E, from Von Afohl, /' an* •< J' 
a nitta ikI , II, rnodijicd.) 
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Fio 73.— The primary vascular system of the stem of Solanum tuberosum. The com- 
plex nodeal structure is repeated at each node, so that, except for the position of the bundles 

‘the s?nail'"' “ “"f ^re alike. The large bundles are cauline bundles; 

the small ones, common bundles. .\11 these bundles are later tied together by thin flanges 

/v tern skeTe on‘?^h "-"7^ <"°‘ ^^own), and, still later, the entire primary 

skeleton is buried by secondary tissue. (After Artachwager.) 


# 



152 


AX INTRODUCTION TO PLANT ANATOMY 


Ihni is clia.nict eristic ot each species. Ai)ast oinosis takes place chiefly 
ill nodal regions, and long straight- bundles may extend through the 
internodes (Figs. 1\B, 72B,C). In many monocotyledons and in some 
dicotyledons the bundles do not lie in a cylinder but are arranged some- 
what in the form of a loose sheaf, so that the^^ appear in cross section as 
though scattered. In some ferns, such as Ptcridiimij and in a considerable 
number of dicotyledons, for example, Dianthera, the bundles form an open 
cylinder, but a few of the strands run through the cortex or the pith. In 
all stems the nodal regions are more complex than internodal. In 
monocotyledons the many bundles form extremely complex nodal 
structure (Fig. 72E-M). There is little clear information as to the basic- 
plan in these nodes. In some there are resemblances to the nodal struc- 
ture of herbaceous dicotyledons. 

The bundles of a dissected primary cylinder have been interpreted as 
Icaf-tra^e butuiles, caidine bundles, and common bundles. The use of these 
terms is not consistent, and the distinction of the types is difficult and has 
doubtful value. A bundle that distall 3 ^ connects only with the vascular 
system of a leaf, even if its point of origin is far below the leaf, is a leaf- 
trace bundle. (The term ‘Meaf trace is restricted in definition to that 
I)art of a bundle between the point of its departure from the stele to the 
base of the leaf.) The term ''cauline bundle'’ is usually applied to 
bundles that form the major vascular system of a stem; to bundles that 
branch, uniting with other similar bundles, and may give rise to leaf-trace 
bundles but do not terminate as leaf traces. The term common bundle 
is often applied to bundles that pass through the stem unbranched for 
some distance and terminate as leaf traces; they are bundles common to 
both stem and leaf. The term common bundles is merely another name 
for the part of a leaf-trace bundle that lies in the vascular cylinder. The 
bundles of a stem can be simply termed ‘'stem bundles” and “leaf-trace 
bundles.” A logical use of terms for these bundles depends upon an 
interpretation of their fundamental morphology — whether the vasculai 
cylinder of the stem is a basic unit or whether it consists of fused leaf 
traces. A discussion of this question is beyond the scope of this book. 
General Structure of the Primary Vascular Cylinder. — In most wood> 


and some herbaceous angiosperms, the primary vascular cylinder of the 
stem is not so extensively broken up by interfascicular parenchymatous 
bands as in the forms just discussed. It is perforated only by compaia 
tively small and more or less remote leaf and branch gaps. In sue i 
cylindrical sheets of tissue, there are commonly more or less pi oininen 
ridges projecting into the pith (Figs. 71.4, /4F—K). T. hese ridges coiie 
spond morphologically to the bundles of the more dissected stele, 
the ontogeny of the vascular cylinder these ridges mature first, the largei 
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and most deeply projecting ones earliest. The innermost parts of these 
early formed strands consist of protoxylem. Later, less prominent ridges 
develop, and these have little or no protoxylem. When the stpm is very 
young and the connecting flanges of tissue arc still undifrerontiated, 



Fig. 74.— A-i?, diagrams showing the effect upon pith form of the gradual departure 
of the trace. A-C\ based on Alnus; D, E, on Quercus. A, longitudinal section (in plane 
c-c ol ti ) ; B and C, cross sections of stem shown in A at levels a-a and h-h, respectivelv (the 
trace.s depart according to one-third phyllotaxy) ; Z), E, cross sections of a similar stem 
with two-fifths phyllotaxy, D being one internode lower than E; the traces are labeled in 
oidei of their departure, a, b, c, d, e. F-K, cross-section diagrams showing the form of the 
priinaiy vascular cylinder, the inwardly projecting ridges (here exaggerated) representing 
cauline bundles and leaf-trace bundles as seen in an internode {F-I ba.sed on Populus)- 
P, .\oung stem in which only the first primary xylern. forming the ridges, is mature- G 
the ridges connected by later-formed primary xylern; H, the ridges connected o ii v’ bx- 
secondary x^Mern; /, like G. but with secondary xylern also; .7, the first-formed pri iar v 
bundles not later connected, and secondap' xylern formed on the outside of the bundles; A' 
like J, but without secondary xylern. (Pliloem is not shown in F—K.) ’ 


the ridges constitute discrete bundles (Fig. 74F). When the primtiry 
vascular tissue has all matured, uniting the bundles into a cylinder (Fig 
74G'), the.se first-formed strands are still i)rominenl, owing to their posi- 
lion nearcu' the center of the pith and the i)resence of proto.xyh.m In 
those plants where, during primary growth, the early-formed buiulles are 
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not later connected laterally by primary vascular tissue, a cylinder of 
isolated primary strands is formed, but the bundles may be united by 
secondary tissues (Fig. 74//). A complete cylinder may thus be formed, 
the first-formed primary bundles united either by primary or b 3 ^ second- 
aiy growth (Chap. A I). Where these connecting bands, either primary 
or secondary, do not develop, a stele of the so-called ''herbaceous type,'’ 
with isolated strands, is formed (Fig. 74/,/^). This condition is structur- 
ally comparable with the early stage of a complete vascular cylinder when 
only the first-formed bundles have appeared. In some dicotyledonous 
herbs, for example, Asclepias, Hypericum^ Digitalis, there are no prom- 
inent, earl^'-formed protox^dem strands except leaf traces close to the 
j)oint of departure; protoxylem arises nearly simultaneously and uni- 
forml}' around the cjdinder. 

As seen in a cross section of the mature wood,v c^dinder of a stem, the 
most prominent of the ridges projecting into the pith are usually leaf- 
trace bundles, the largest being median traces of the leaves next above. 
As the node is approached these largest traces become less and less 
pronounced as wedges projecting into the pith because thej^ swing out- 
ward, either graduallj^ (Fig. 74 A) or abruptly, and come to lie in indenta- 
tions of the vascular c^dinder rather than on projecting points (Fig. 
7AB-E). Ridges of the pith then project into the vascular cylinder. 
As the traces pass farther and farther out, the pith ridges increase in 
extent outward and break the vascular cylinder above the trace as it 
passes out, forming a leaf gap. The shape of the pith as seen in cross 
section may indicate clearly the ph^dlotaxj" of the plant in question. 
Thus a one-third phyllotax^^ may be evident in a three-lobed pith, as in 
Almis (Fig. 74A-C); a two-fifths in a five-lobed pith, as in Qucrcus and 
Populus (Fig. 74:D,E); a one-half by an oval or elliptical pith, as in Ulnius. 
In long internodes projecting ridges of the pith are prominent onl}^ where 
the traces graduall^^ pass obliqueK^ outward; the more gradual the 
departure of the trace, the longer, and often the deeper, the lobe. Where 
the number of traces per leaf is more than one, the lobing may be 
obscured, but lateral traces commonlv are smaller and pass out much 
more abruptly than do median traces, and have little effect upon pith 
shape. 

The number of first-formed strands, whether ultimatel>^ still free or 
fused into a cvlinder, mav be' few or manv. These beetome more or les> 
obscure where an unbroken cylinder is formed, whether this is of pri- 
mary nature onlj^, or whether secondary growth is also concerned in the 
completion of the cylinder. In monocotjdedons the large number ot 
bundles and the complexity of the system render the scheme ot arrange- 
ment usually difficult of interpretation. 
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THE PITH 

The pith is a roughly eyliiulrical body of tissiu; in the center of I lie 
axis, enclosed by the \ascular tissues (big. 135). Its outer su]’fu(*(> i.s 
fuiiowed moie or less dceplj' bj' the inwardl}' projecting strands of 
protoxylem and ridged in some plants by lay-like extensions between 
bundles and by projections where its tissues extend out through leaf and 
blanch gaps, ihe number, prominence, and arrangement of those fur- 
rows and ridges depend upon the skeletal plan of the plant in question 
and upon other features. (The pith was long known as the medulla, but 
this Latin name has become obsolete. As a de.sci'iptive word, the name 

still persists, as in “medullary bundle.”) 

Structure of the Pith. — Histologically, the pith is made up of rather 
uniform tissue, chiefly parenchymatous, in which the cells are arranged 
rather loosely, often with pronounced intercellular .spaces, and in some 
forms tending to be in longitudinal rows (Fig. 43.1 ,C,D). In shape, the 
cells of the pith vary greatly, but the}' arc mostly isodiametric or cylindri- 
cal, with thin, cellulo.se walls. Not uncommonly, thick-walled, lignified 
parenchyma cells and sclereids are also present, often arranged in groups 
forming disks or diaphragms of firm tissue. There are two types of “dia- 
phiagmed pith ; that in which tlie smaller, thinner walled cells between 
the disks persist indefinitely (Liriodendron, A'i/sho), and that in which 
the interdisk cells collapse toward the end of the growing .season in which 
they were formed (Juglans). Fibers occur only rarely and then in the 
peripheral portions where they are associated mori>hologically with pri- 
mary vascular tissue, especially with internal phloem. When the pith is 
developing, all the cells are active and in leafy shoots may contain chloro- 
phyll, but when the region is mature, the cells become less active, and all 
may have lost their protoplasts, or living and dead cells may be’present 
m any proportion. The proportions vary in different jiarts of a plant 
such as the node and the internode, and in different species. Usuallv’ 
the smaller cells and those nearer the vascular tissue remain alive The 
small living cells may form a fairly definite pattern with the nonliving 
cells. In woody plants the living cells of the pith serve as storage cells in 
re.stmg periods, becoming filled with starch and fatty .substances. 

In kinds ot cells, intercellular .spaces, secretory tissues and cell 
contents the pith is usually closely similar to the cortex of the .s.ame plant 

kekin «ib>Po> tive, and photosynthetic cells are .scarce or 

lacking 11^ pith. 

In the ontogeny of the stem, the pith cells in many plants mature verv 
Ihe surrounding tissues are meri.stematic ami continue to 
elongate so that the pith may be torn apart longitudinallv to a greater 
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l('ss extent. 11 marked radial increase is taking place at the same time, a 
prominent “hollow pith^’ is formed, with the broken cell walls lining the 
cavity (Pigs. 135/^, 130(7). 1 his condition is common among herbs but 

rare in woody plants. Where the destruction is less extensive, cavities or 
canals of ^'arious extent and shape are iormed. Xodal diaphragms are 
due to the presence of thicker walled cells at the node, or to the very 
slight elongation of the nodal regions as contrasted with the extensive 
growth of the internode (the expansion of a bud being due in large degree 

to the development of internodes). 

The Medullary Sheath. — The peripheral layers of the pith-like central 

core of manv stems consist of smaller cells, usually thicker walled, moie 
closely packed, and more richly protoplasmic. Although this region 
merges into the central part, it is often distinguished as the medullary 
sheath, or perimedullary zone. If an inner endodermis is present, the 
medullary sheath is separated from the pith proper by this layer. Ihe 
outermost parts represent parenchyma of the primary xylem, since 
the groups of protoxylem tracheids and vessels project into the sheath, 
when internal phloem is present, the sieve-tube clusters lie neai the 
middle of the sheath. This layer is not, there! ore, morphologicalb , a 

part of the pith. 

The cells of the medullary sheath may be parenchymatous, as in 
many C'henopodiaceae, J^oraginaceae, and Kuphorbiaceae, orscleiench} 
matous, as in members of the Umbelliferae and Compositae oi hot i 
parenchymatous and sclerenchy matous cells may be present. Fibeis 
occur only rarely, and then chiefly in connection with internal phloem. 
The Pith of Roots.— Hoots characteristically lack a pith. Where such 


a core is present, it is similar in structure to that of the stem of the plan 
but tends to be more homogeneous and does not break down. It is moie 
nearly cylindrical because the primary xylem points do not piojec 

into it, and there are no gaps in the yascular cylinder. 

Duration of the Pith.— The pith persists indefinitely in nearly all plants. 
In woody stems the changes taking place in heart wood formation of t c 
first annual rings affect the pith cells in a similar way. Ihit until t n 
stage is reached, some of the ])ith cells in most woody plants lemain 
In other forms all the pith cells die very early. 1 he pith is not ( ms ic 
by the crowding in upon it oi the vascular bundles as secondai\ gio" 
takes place. Only in a few woody vines of anomalous stem structure, 

such as Aristolochia, is there found this peculiar condition ot 
during secondary growth. Furthermore, no growth or structiual c 
occurs in the pith after primary growth ot the axis is complete. 
fore, the pith is present in tree trunks and other old stems in size, shape. 
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and structure as it was in the young twig when secondary growth began. 
Only in lack of protoplasts and in chemical nature is it different. 

THE PERICYCLE 

The pericycle is a thin cylinder of tissue, at most only a few rows 
of cells wide, sheathing the vascular tis.sues. It is limited intcrnall> by 
the primary phloem and e.xternally by the endodermis. Whore the latter 
is lacking, the pericycle merges with the corte.x. Typically this layer 
consists of parenchyma, as in most roots and in the .stems of the pteri- 
dophytes. The abundant “pericyclic fibers” of some plants have in 
recent years been shown to be a part of the primary phloem — cells sur- 
rounding protophloem elements that disappeared early in the ontogeny 
of the tissue. To what extent the so-called “pericyclic fibers” generally 
are phloem fibers is at present unknown. Certainh' manj- of them — such 
as those of Cannabis (hemp) and Linum (flax) — belong to the phloem. 
Whether those of plants in which the fibrous strands alternate with the 
protophloem groups also belong to the phloem is apparently unknown. 
(Study of the ontogeny of the region is necessary for the determination of 
the tissue to which so-called “pericyclic fibers” belong.) 

It has been claimed that no pericycle is present in the stems of many 
angiosperms because the fibers which were thought to make up much of 
this layer belong to the phloem. A narrow well-marked pericycle is pres- 
ent in the vascular cryptogams, in both root and stem, and in seed plants, 
in the roots. Only in the stems of some .seed plants does it appear to have 
been lost. In the stems of many angiosperm seedlings and in the bases 
of the stems of many herbs, a true or a vestigial endodermis is present and 
a narrow band of parenchyma separates the endodermal sheath from the 
phloem. This band represents either the outermost layer of the primary 
phloem or a pericycle closely like that of the root with which the stem is 
(amtmuous. In other plants, especially woody herbs, the protophloein 
fi3eis lie against the endodermis, and no pericycle is present. The 

pericyclic region is in need of critical detailed and especially comparative 
study. 

In root.s, the pericycle is normally parenchvmatous. This is the 
region of origin of the meristems which form lateral roots and commonly 
of the first phellogen layers of root.s, as well as of secondary cambium in 
anomalous .steles. It is doubtless for this rea.son that the pericycle of 
root.s was tormorly known as the ■pcricamlnum . Adventitious roots and 

.stems also arise commonly in the pericycle. In old roots the cells of'tlie 
pericycle may become lignified or even .suberized. 

The parenchyma cells of the pericycle share the function of storage 
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with similar cells in other regions. Secretory cells and canals, laticiferous 
cells, and other specialized cell types may occur in the p>ericycle. 

THE ENDODERMIS 

The endodermis is a uniseriate sheet of cells separating the stele from 
the cortex, without intercellular spaces and with structural features imlike 
those of other cells. The cells constituting this layer are typically elon- 
gate, with the long axis parallel with the course of the vascular tissue and 
with the end walls mostly transverse. In cross section they are usually 
more or less oval or elliptical with the longer axis in a tangential direction. 
The protoplasts are those of typical parench 3 ’'ma cells. Starch, tannin, 
and mucilage are frequently present; sometimes, as in Ajrios, cr^^stals are 
abundant. 

The important peculiarity of endodermal cells is the presence in 
restricted parts of the wall of a waxy substance similar to cutin and suberin, 
which makes those parts impervious to water. The ^Svaterproofing’’ 
substance takes lignin stains to some extent and has recentty been 
called lignosuberin. Endodermal cells are of two t\qDes, thin- walled and 
thick- walled. In the former, the modified wall areas are in the form of 
bands known as Casparian strips that run completel^^ around the cell on 
the radial and end walls (Fig. 75). These bands range in width from 
minute threads to broad bands that occupy the entire radial wall. They 
ma 3 ^ be merel^^ chemically different from the rest of the wall but are 
usuall^^ slightly thicker. In cross section (Fig. 75.4— C) the strips are 
often called Casparian dots, or radial dots. This thin-walled type of 
endodermal cell, which is the more common t^^pe, is sometimes called 
primarrj. It seems to represent a first stage — after the meristematic ni 
development, a stage that persists as the matuie condition in pterido- 
phjTes and most dicot^dedons. 

In the thick- walled t^q^e of endodermis, the radial and inner tangential 
walls — sometimes all the walls — are thickened (Fig. 76) b}" suberin 
lamellae laid dovTi over the earlier formed wall with its Casparian strips. 
For this reason this t^^’pe is called sccoiulary — it is not a secondaiy tissue. 
The thickening of the wall ma}^ be so great as nearh^ to close the lumen 
(Fig. 76^). The thick wall, like the Casparian strips, is strongty '‘suber- 
ized.’' In late stages in this thickening, the lamellae may be large!}" or 
wholly of cellulose. Frequently in this t\^pe of endodermis there occui 
occasional isolated, thin-walled cells, knovTi as passage cells or transfusion 
cells, which have no suberized areas. In roots these cells are situatec 
opposite the protox^dem cells. Both radial and tangential walls ma> he 
heavily pitted, pits occurring in the Casparian strii>s when the strips aie 
wide; the end walls have few or perhaps no pits. 
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The primaiy type occurs in the pteridophj’^tes and in most of the 
licotyledons; the secondary tvpe is characteristic of the monocotyledons. 





5trip.s in cross sectioit°anTin faw’ v/ew'’o*irthc"end w** n°- 0 '““®’ the Caspai ian 

Pol, /podium; C. D, cro.ss and longitudinal sections in steViwiV 

<lots, and the Casparian strips in face view on the radiaT walk^' *''”"'‘"8 ‘he radial 
and inner endodermis in stem of Equisetum showino^ .. section of outer 

retaining connection with the Casparian strips. ^ ^ Protoplasts plasinolized, but 

1 he latter has been called a phloeolerma, but this term has been applied 
in \aiious ways and is now rarely used. 
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Occurrence and Position of the Endodermis. — In position in the 
plant body the endodermis is always in rather close association with the 
vascular system. Typicalh^, it lies external to the vascular cells, either 
abutting directly upon them or lying external to the pericycle. It, 
therefore, separates the stele from the cortex. In some plants an inner 



B ^ . .f n. 

Fig. 70. — The endoclcrriiis, thick-walled types. A, B, cross and longitudinal sections 

root of Srnilax rotundifolia; C, cross section from root of Musa sapicntum. 


cjidoderynis is also present in the stem. T. his endodermis which, moipho- 
logically, is doubtless only a part of the external endodermis, separate 


the stele from the pith. , 

The endodermis has been considered both the innermost layer 

cortex and the outermost layer of the stele. It has been claime ^ 
be cortical on the basis of histogenesis because in roots it is derne 
commonly from the same mother cells as are the innermost cortical ce. s. 


I 
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However, it has been shown that it may be formed in the stem from 

procambmm mother cells which also form pericjxlic cells and protophloem, 

and that m roots, it may belong histogenetically to either the stele or the 

cortex. Functionally it is obviously a layer separating these two regions 

f or convenience in description, it is here considered the limitinir laver of 
the stele. 

An endodermis that limits vascular tissue on the inside and shuts it 
ott trom the pith is called an inner endodermis (Fig. 75E). Such a laver 
is not structurally distinct from the outer endodermis since the two are 
continuous through leaf and branch gaps. The endodermis not only 
imits the vascular tissue of the axis but may also surround the \'ascular 
bundles m leaves, as m Plantago, and in perhaps inodiHed form, in grasses 
as the “mestome sheath,” but it is not a constant feature in vasculai’ 
plants. It IS present m all roots and throughout the plant body in most 
ptendophytes. In many gymnosperms, it is characteristic of the leaves 
but IS mostly absent m stems. In angiosperms, it occurs in some parts of 
t^he stems of a majority of herbaceous species. It is present in aquatic 
plants and species of moist habitats; in creeping plants and in many 
seedlings; m rhizomes and some leaf bases; in the bases of some stems 
that lack It m the upper parts. AVoody stems and the leai-es of aneio- 
sperms generally have no endodermis. In herbaceous plants the endo- 
derm^s occurs more commonly in the advanced families, especially in the 
gi^opetalous and apetalous dicot 3 dedons. In the monocotyledons 
where it is more common than in the dicotyledons, the secondary type is 

absenf aT"''''*’ f " a typical endodermis is 

bsent, a layer of cells closely similar to an endodermis, but with simple 

riTn,”"”' ““ a ve:S 

indiT^r of the endodermis in a given genus or even in an 

ividual plant may be highly variable. In the genus Pfper for example 

Function of the Endodermis as Related to Structure r . • /• i 

endodermis has been a matter of much chtusin since V 
first studied, and is still largely in cmestion IV t ® 

ascribed 4 mk m que.stion. Many functions have been 

ascribed to it. These are based largely on its obvio... .. w . 
laver” 1 he endodermis appears to be a “watertight 

n>.nv pl„t, of dr, .oil and in .ho leave, of ..ropi.,;'* '‘^To^.pX" 
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Its absence in woody f.wigs is possibly the result of loss in evolution. 
Further evidence that- the endoderniis is a sort of water dam is (a) it 
always lacks intercellular s])aces, and (/>) the walls are more or less 
cutinized or suberized so that in the thin- walled type, water can pass 
through the endodermis onh" through the tangential walls and through 
the protoplast, that is, through a semipermeable membrane. For this 
reason it has been looked upon as a diffusion layer separating regions of 
different osmotic pressure and as a diffusion layer that prevents loss of 
mineral nutrients, or of food, from vascular tissue. 

Among the man}^ and diverse functions that have been assigned to the 
endodermis at various times are the following: (a) It is a mechanical 
protective layer, a sort of inner, accessory epidermis. (And, as such, the 
secondaiy type in monocotyledonous roots may serve to some extent 
when the cortex has sloughed away, but the majority of endodermal 
layers are of delicate nature.) (6) It is connected with the maintenance of 
root pressure, (c) It is an air dam, preventing the water-conducting 

cells from becoming clogged with air. 

The persistence of starch in endodermal cells has suggested theories 
now long abandoned — that the endodermis is a starch sheath, a 
carbohydrate-conducting or storage la3^er, or a la^^er limiting storage to 
the inside or to the outside. The presence, t^^pe, and behavior of staich 
grains in the endodermis of certain plants have also led to the theoiy tkat 
this la^^er is an orienting organ, the starch grains being statoliths 
which, b}^ alteration of position in the endoplasm, cause sensoiy stiniu i 
leading to change in orientation of the organ. Such a fiuiction can ^ 
characteristic of the endodermis onb' of certain plants, and of parts o 
organs, since starch grains are not alwa3^s present in endodermal cells, an 
in many t3^pes of such cells cannot ‘TalF^ from one position to anothei as 
the orientation of the organ is changed because of the presence of gunis 

and crystals in those cells. , ^ 

The function of the endodermis is thus in question. I hat it frequ^ ^ 
has to do with the relations of water and X3dem seems to be vit ou 
doubt. Its specific functions in different plants probably vai3^ gieat^ 
since t3^pes of endodermis characterize families to some extent. Sec on ^ 
ary functions doubtless also exist, and the primary function ma3 a 

been lost in some plants. 

Many of the facts regarding the distribution of the 
in plant groups and its structural variations suggest the possibilit3 t ^ 
the endodermis is an ancient structure of much ph3'siological and pei P 
morphological value, which has become modified in the course P 
genetic development. In part, it ma3^ still retain its original re 
and functions; in part, it may be more or less vestigial in nature. In so 
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plants it may have become specialized or modified in adaptation to new 
iunctions, as vestigial structures frequently are. It has disappeared in 
woody twigs where continuing secondary growth occurs. 

The cells of the endodermis, e.xcept those of the thick-walled type 
may become menstematic at any time. In them the cork cambium’ 

^••^^^e^tly-that of the stem, occasionally. 

• ® lateral roots and of adventitious buds commonly arise 

m this layer. Since the endodermis matures early in the devel 
opment of the primary tissues, its continuity as a sheath must be 
maintained during primary increa.se in length and diameter of the 
region It it is to persist long during increase in diameter resulting from 
secondarj-tissue development, continued new-cell formation must take 

place. Kadial divisions in the mature cells maintain the laver for a 

■me, but in woocly steins and roots secondary growth soon crushes this 
la\ei, and all evidence ol its former pre.sence may be lo.st. 

THE CORTEX 

Ihe portion ot an a.xis that surrounds the central evlinder and is 
separated from the cylinder by the endodermis is the cortex. It is limited 
on the outside by the external uniseriate layer of the axis, the epidermis 
In good usage the term cortex applies only to the definite region thus 
morphologically distinct, and only to the primanj cells and tissues 

developed therein. Distinction is sometimes made between ‘‘pr“ 

cortex and secondary cortex ’’—the latter term being applied to second^ 
ary tissues developed within the primary cortex from cortical celD 

layem suchTs tir' f t «»'ce simila; 

ajers such as those formed m the secondary phloem, are also looselv 

termed secondary cortex.” This usage is of course due t,. e. r ' 
resulting from the u.se of the term “cortex” ’in the loose sense of an oute? 
part or covering, and in the physiological sense of any protective o te . 

In thickness, the cortex varies . 

cells (V\fr 771 I* • .• ,1 " ^ ^ S'cat many rows of 

t..n Liy kL,'a 

con.stitutes a large proportion of the tissues Ridae ^ 
stem.s, the corners-, nav consist hiLlc f H • 

tissue. Fibers and sclereids, as wel^ s sec, elorc supporting 
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which lie immediately under the epidermis and reinforce this layer in 
some way. The cortical parenchyma cells usually contain chloroplasts, 
and definite specialized photosynthetic tissue may be formed (Fig. 181). 
The cells are arranged loosel}^ or closely, and commonlj^ no definite plan 
of arrangement occurs. Tangential rows ma}^ be conspicuous, and in 
specially modified roots and stems, such as those of aquatic plants, sym- 
metrical radiating sheets of cells may occur. The cortex of roots is more 
homogeneous than that of stems and usually consists of parenchyma only 
(Figs. 127/?, 133). 



epidermis 
--periderm 

— CO H^rch^mci 

\ cortex 


"primary phloem 

-secendory phloer 


- comh/um 


^-secondary xyi^ri 


Fig. 77. The cortex in a \voo(l\’ stem, ^Magnolia acuminata. The cortex conMS > 
ollench>'nia and parencli^'ina. The celKs of tlie latter aie in tangential ro\\.s foi nice 
art !)>' continued radial division as an accommodation to diametci increase in the 
ecretoi>' cells are piesent. The thick band of fibers belonjjs larj;el\' oi’ whoIlN to 
rimary phhjem. Beneath this, lie other i)rimarN' phloem ^iionps, moie o»' less 
nd, beneath these, secondary i^hloem. The cambium and secondai>' XN’lcm .nt 
hown Below the epidermis a i)eriderm layer is beginning to develop. 


The tissues of the cortex are strictly primary and, as a whole, mature 
with the primarv tissues of the stele, but there is considerable oveilappif^o 
of development with secondary-tissue formation within the stele. ^ 
lenchyma develops early, but sclerenchymatous cells are usually late m 
reaching maturity. Parenchyma cells may continue to multiph, 
into the second year in many woody plants. Additional tissue is t u 
developed as the volume of the cortex is rapidly increased with inciease 
in diameter of the axis. Most of the divisions of the parenchyma ce 
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are radial, forming taiigenfial rows or sheets of eells. 'I’he later divisions 
of this type do not result in rounded daughler eells, and (he new walls 
appear to divide the elongated mother cells (Fig. 77). The cortex of an 
axis in which marked secondary growth has occurred has tissues crowded 
and even more or less crushed radially. This is especially true in herba- 
ceous stems that have strong xylem cylinders, as in Linum and Solidago. 

1 he various cell typos in the cortex serve ^'arious functions, but the 
cortex is primarily a protective layer. Such functions as support, 
photosynthesis, and storage are secondarv. 


THE EPIDERMIS 

The epidermis constitutes a layer over the entire outer surface of the 
plant body, continuous except for stomatal and lenticellular openings. 
In meristematic regions it is, of course, undifferentiated, and in older 
stems and roots it may have been destroyed by secondary growth, 
typically it consists of a single layer of cells; in a few plants it is biseriate 
or multiseriate. 'the epidermis of many plants has been described as 
multiseriate. In most of these the interpretations are incorrect- in 
some the outer region of the cortex resembles the epidermis in structure 
and function and is therefore a.ssumed to bo a part of the epidermis- 
in others, a periderm laj'er has just been initiated; in others, the epidermi.s 
itself is thin, weak, and ephemeral, and the abutting cortical layer func 
t.ons as an epidermis; in still others, especially aquatics and plants of 
moist habitats, the epidermis closely re.sembles the outer cortex Inter- 
pretation of a series of outermost cell layers as a biseriate or multi.seriate 
epidermis is usually an interpretation based on function and not on 
morphology. In plants where the epidermis .seems to be more than one 
layer thick, a study of development is nece.ssary for correct interpretation 

cytop asm. Minute leucoplasts are present, but chloroplasts are Absent 
except m the guard cells of stomata and in plants of ac.uatic or moist and 
deeply shaded habitats. Mucilage, tannin, and crystals occur occasion- 
ally. I he cells vary much in size and outline but are essentially tabular. 

y aie clo.sely fitted together and are often lobed, toothed or flanged in 
Ruinous ways the projections dovetailing into those of other cells mid 

strongly interlocking the cells (Fias 7<) I7n'i ii r i 

«t oth„ eoll, of,™ l,.,™, 

the outer and the radial walls being much thief.,., • tu ,, 

fFiir I 7 cit mi.- II-.- . , than the inner wall 

is of ^ thickness and the cutinization of the tvalls 

much importance from the standpoint of mechanical protection and 
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of prevention of loss of water. The cuticle (Chap. II) adds greatly to 
the efficiency of the epidermis in the latter respect. 

Ontogeny and Duration of the Epidermis. — The cells from which the 
epidermis develops are set off very early in the apical meristem as a 
superficial layer. In stems this is commonly the first zone to become 
distinct. In terms of the tunica-corpus theory, the epidermis is formed 
by anticlinal divisions of the outer layer of the tunica when a distinct 
tunica is present. Where tunica and corpus are not distinct, the epider- 
mis is formed by anticlinal and periclinal divisions of the dermatogen. 
Later increase in the number of cells in the epidermis is the result of 
anticlinal division. The early established uniseriate condition is main- 
tained throughout the life of the epidermis. Where the stem increases 
in diameter during secondary growth, continued slow division may go on 
in the epidermis, which in this way is accommodated to the increasing 
surface. Changes in epidermal cells, other than those involved in the 
development of phellogen layers, are rare. In roots, the epidermal cells, 
and also those of the outer cortex, generally become lifeless and lignified 
or suberized after the root hairs cease to function. In perennial stems 
epidermal cells live until the development of a periderm layer cuts oft 
the water and food supply. In leaves, flowers, and most fruits, epidermal 
cells normally live as long as the organ of which they are a part. 

Function of the Epidermis. — In function, the epidermis is primarib 
a covering layer which protects against rapid loss of water and mechanical 
injur3^ It may also serve secondarily in photosynthesis and secretion. 
Parts of the epidermis are structuralb^^ modified to serve some impoitant 
physiological function, for example, the secretory tissue of nectaries, the 

stomata of leaves and stems, and the absorbing hairs of roots. 

Root Hairs. — In roots, many or all of the epidermal cells become roo 
hairs. In the ontogeny of such cells the outer wall expands, formir^g ^ 
long, tube-like process, in shape and structure a t3^pical hair (Fig. ^ * 
The walls of epidermal cells of roots in general, and especially those of t 
projecting hairs, are thin and delicate. They are commonly of cellu os 
and permit ready diffusion of water and dissolved substances. It is Y 
absorption through root hairs that the chief supply of water and miners 
nutrients is obtained. These structures are ephemeral, persisting usua ^ 
but a few days or weeks, after which they collapse and the remains o 
cells and of adjacent cells become suberized or lignified. Root hairs wi ^ 
thick lignified walls are reported in certain Compositae where they ai 

said to persist into the second growing season. 

The Stoma.— The openings in the epidermis through which ga^o 
interchange takes place between the intercellular spaces of the subepi^ 
dermal cells and the atmosphere are known as stomata. These openings 
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numerous shapes, including elaborately forked and branched types 

(Fig. 80). j\^ulticellular hairs likewise are found in innumerable tvpes, 

and range from simple linear hairs of a few cells to complex, intricately 

branched, or massive structures, involving considerable areas of the 

epidermis. Stinging hairs (Fig. 56.4), scales, and many glandular hairs 

(Fig. bijB-E) are complex multicellular structures. Root hairs are 
morphologically typical hairs. ‘ 

-The cells of hairs may be dead or living. If alive, the protoplasts 
contain little cytoplasm, unless the hair is associated with secretion of 
some type when the cytoplasm is abundant and richly granular. The 
thickness of the wall and its chemical nature vary greatly. Such hairs 
as those on the fruit of the peach and raspberry (Fig. 807), the flower of 
the willows, and the bud of the grape are very thick-walled. Cutinized 
and hgnified hairs are frequent. (\)tton ‘‘fibers'^ are cellulose hairs. * 
Hairs are connected with many functions, major and minor, but it is 
m the reduction of transpiration through the additional coating they 
provide that they are probably most important.* 
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CHAPTER VI- 

THE ORIGIN AND DEVELOPMENT OF THE SECONDARY BODY 
AND ITS RELATION TO THE PRIMARY BODY. THE 

CAMBIUM 

That the primary plant body is in itself structurally and functionally 
complete is evident from the fact that in many forms itnlone constitutes 
the plant, for example, the majority of monocotyledons and the pter- 
idophytes. In t he g ymnosperms and in most dicotyledons, primary 
growth is soon followed by secondary growth, which usuall3' becomes, 
)oth structurallj' and functional!}'', the more important. Secondary 
growth IS effected by definite layers of initials — in vascular tissues, by 
the cambium; in other tissues, by similar meristems. These growing 
layers provide additional and constant!}' renewed conducting, supporting, 
and protecting tissues. Primary growth chiefly increases the length of 
the axis and adds the appendages; secondary growth increases the diam- 
eter of the axis (after the initial increase), and is responsible in most plants 
for the greater part of the mature plant body, supplying the requisite 
“^I^PPort, protection, and conduction for the large body of woody plants. 
Only in the tree ferns and a few of the monocotyledons is a large body 
present which is wholly primary in nature. The majority of the larger 
monocotyledons, including some of the palms, the woocly }uiccas, and 
other lilies, possess secondary growth of a special type. 

Secondary tissues fall into two groups: the vascular ti.ssues, those 

lorrned by the true cambium; and those, such as cork, formed by other 
Similar but secondar^^ meristems. 

The Origin of the Cambium from Procambium.— As explained in 
ine preceding chapter, the primary vascular skeleton is built up by the 
maturing of the cells of the procambium .strands or cylinder to form xylem 
^ P oem. In plants that have no secondary growth, all cells of the 
procambium strands mature to form vascular tis.sue, and there is no 
ur her increase in the amount of this tissue, except by unusual methods 

a nart ofTr'"'*' T secondary gron-fh later appears, 

part of the procambmm strand remains meristematic and gives rise to 

persistent t»mn, commonly represents a 

TemT ^ section which 

iayerof a“ nt 
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Since the maturation of procambial cells usually proceeds progres- 
sively toward the center of the procambium strand, the cells in the cen- 
tral region are the last to mature. Where cambium develops, these 
last central cells are not transformed into permanent xylem or phloem 
cells but retain their meristematic activity indefinitely as cambium cells. 
In the early stages of cambium development there is a more or less irregu- 
lar zone of meristematic tissue between the areas of primary xylem and 
phloem. At this time the protoxylem elements are usudlly mature and 
the metaxylein cells are maturing. The beginnings of cambial activity 
and the development of the last of the primary xylem therefore occur 

simultaneously. 

As commonly understood, the cambium does not exist as such until 
there is established a definite tangential row of initials that divide repeat- 
edly in the tangential plane. Just before the formation of such a sheet 
of tissue, there is a transitional period during which cell division is 
taking place in various planes in the central procambial zone but tend- 
ing to occur in the tangential plane only in the later stages of development. 
As these tangentially dividing cells mature, those retaining their meriste- 
matic activity become arranged in a definite tangential row, becoming 
the true cambium, which then forms secondary tissues. In some plants, 
both wood\^ and herbaceous, early tangential divisions in the procambium 
bring about radial arrangement of nearly all the primary vascular cells, 
especially those of the protoxylem (Figs. (S2B^ 140A). It may be impossi- 
ble, therefore, to distinguish sharply between primary and secondary 
vascular tissues on the basis of position and arrangement, but with the 
change in method of development, there is an abrupt change in ce 
length — the secondaiy elements are much shorter than the primar3^ 

In roots, the formation of the cambium differs from that in stems 
because of the radial arrangement of the alternating xylem and phloem 
strands (Chap. X). Here the cambium arises as discrete strips of tissue 
in the procambial strands inside the groups of primary phloern (Fig 
130A). Later, by lateral extension the strips of cambium are joined m 
the pericycle opposite the rays of primary xylem. Because of the plae ^ 
of origin of the cambium in roots, this meristem does not, in its ear} 
stage of development, form a symmetrical cylinder, but rather, as 
cross section, a band of tissue that curves outward around the ends o ^ 
xylem rays and inward inside the strands of phloem. Common }^ 
secondary-tissue formation is most rapid beneath the groups of phloem so 
that the cambium, as seen in the transverse section of older roots, soon 
forms a circle. In some roots development of secondary tissue } 
cambium that lies inside the phloem groups goes on to a 
extent before lateral extension around the xylem is complete, so t a 
^‘arly undulate form of the cambium cylinder is omitted. 
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Fascicular and Interfascicular Cambium. — In stems the first pro- 
cambium to develop from promeristem is usually in the form of more or 
less isolated strands. In some plants these first-1 oi’med strands soon 
become, in part or wholly, united laterally by additional similar strands 
formed between them and by the lateral extension of the first-formed ones. 


A continuous or broken cylinder of procambinm is formed. In the course 




Fig. 81 . — Diagram.^ to show the formation of tlio eamhiiim cyhiKloi in stems. (The 
primary vascular tissue is singly cross-hatclied. the secondary, douhly.) A-D, successive 
stages in type where complete primary cylinder is formed: A, the first primary ti'^sues are 
mature in the procarnhium strands and the cambium has appeared in the center of the 
smnH K bundles have increased in size, secondary tissues are formed, and new 

cvhndo^^^^ between the first; /;, complete primary, secondary, and cambial 

Minder, but incomplete primary cylinder: the fascicular cambium has built up second- 

ar> tissues in the bundles; the interfascicular <-ambium has ju.st arisen; F secondarv tissues 
i-mplete the vuscular . ylimie.-. O', similar to F-F. hut the into, taaei^ular^rh, ‘urn fm-m- 

cambium'’"i'T‘"' ‘'f''”* “‘ '‘■■“■■'‘' ‘o "'": "• »ii>>il-‘i to F- l>ut with a ve..tigial intei fascicular 

calh ,1 f"'ni.s few or no vascular colls; /, primary cylinder of discrete strands 

ach with cambium and .seimndary ti.s.sues; no union by .secondary growth. 


of development thi.s proeamliium cylinder gives rise to a cylinder of 
primary vascular ti.ssue and cambium, similarly complete or broken 
Ultimately, a cylinder of .secondary vascular tissue may be formed, arising 
in strands as does the primary cylinder (Fig. 8Wi-D). In some herba- 
ceous forms, such as lianunculm and Impalicns, the procambium strantls 
and hence the primary vascular tissues, do not fuse laterally but remain as 
cliscrete strands. In these plants the cambium likewi.se is in the form of 
longitudinal .strips, since it does not extend laterally beyond the limits of 
le primary xylem and phloem between which it arises (Fig. 81/). Such 
«trips of cambium then constitute the entire cambial meristem, biit more 
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often in herbaceous stems the cambium extends laterally across the 
intervening spaces until a complete cylinder is formed (Fig. 81£', F), 
Where such extension occurs, the cambium arises from interfascicular 
meristematic cells derived from the apical meristem. To the strips of 
cambium that arise within collateral bundles the term, fascicular cambium 
is applied, and the strips between the bundles are knovTi as interfascicular 
cambium (Fig. 140.4). The latter term is sometimes restricted to those 
strips of cambium lying between primar}^ bundles which do not in their 
activity form xylem and phloem, but merely parenchyma (Fig. 135Z)),as 
in Clematis. 

Between the condition in some plants, where a complete cambium 
cylinder is apparently formed from a complete procambium cylinder, and 
the condition frequent in herbs, where the cambium, even in the mature 
plant, is in the form of discrete strips, all intergrading conditions are 
found relative to the formation and activity of the interfascicular cam- 


bium. In herbaceous plants with woody cylinders the interfascicular 
cambium mav be identical with the fascicular cambium in origin and 
function, but merelv delaved in development from normal procambium, 
which in those regions may form little primary vascular tissue. Such 
cambium forms normal secondary vascular tissues in the same way as the 
fascicular cambium, although often the amounts formed are not so great 
(Fig. 8 IF). The same structure may form from interfascicular cambium 
developed from more or less permanent parenchymatous tissues; but more ^ 
frecpiently no real vascular tissue is formed, the cambium giving rise to 
parenchyma onl}’', as in Clematis. I nder these conditions, the discrete 
vascular bundles are separated by secondary parenchyma. Ihis 
apparently a specialized condition found for the most part in woody vines 
and some herbaceous forms. It has undoubtedly been derived in phylog 
eny from the woody condition and is not, as is frequently stated, a stage m 
the development of a woody cylinder b}" the fusion of vascular bundles. 
In some herbaceous stems, as in species of Geum and AgrimoJiia, or 
example, an incomplete, vestigial intertascicular cambium is found, it?’ 

disconnected cells divide but once or twice (Idg. 81//). 

Time of Cambium Development in Stems. In the stems of p an " 
with well-developed secondary growth, the cambium begins todiffeier^ ^ 
ate from the procambium in a given region just bet ore that legion cea. " 
to elongate. The cambial derivatives are not, ot course, establis le 
such at this time, but some divisions may take place so that as soon a^ 
elongation ceases fluMx* may bt' simultaneous matuiation o Ct 
derivatives and of primary metaxylem, although a considerable 
tion of the latter usually matures first. In the majority of plan s 
formation of cambium is going on in the new parts ot axes as long as 
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axes are increasing in length. In j)ljiii1s which have liodi intercalary 
meristenis and secondai*y growth, as in .some ot the niint.s, (;ainl)inni may 
be in an early stage of development in n'gions other than those mau- the 
tips of the axis. In general, it can be said that in j)lant.s which ha\*(! 
secondary growth, stem elongation, whenever it may occur, is either 
accompanied by or immediately lollowed by cambium <lc\'elopm(‘nt. 
In some of the reduced herbs, which have very little secondary giowth, 
cambial activity may be delayed for some time. 

Time of Cambium Development in Roots. — In roots, cambial develop- 
ment frecpiently does not take place so (luickly after elongation ceases as 
in the stems of the same plant. In man\' ot the sinalhu* tecaling roots, a 
cambium may not be formed at all, even tlujugh .secondary growth occurs 
abundantly in the s.tcnis and larger roots. Lack of secondary growth' 
IS apparently correlated with the fim'ction of the root as an absoiLing 
organ, since wherever extensive secondary growth arises the loot is no 
longer capable of absorption in that region becau.se of the destruction of 
the root hairs, endodermis, and cortex, and the usual immediate formation 
of periderm. Roots of some herl)aeeous plants may be without secondary 
thickening even though such growth occurs in the stems; and in some 
woody species a considerable proportion of fibrous rootlets contain only 
primary growth. In the main root system of bot h woody and herbaceous 
plants the cambium arises soon after elongation has ceased. 

‘^Extent of the Cambium. — In the normal wood}' plant and also in 
many herbs the cambium forms a layer over the entire inner part of the 
body, except at the growing tips of the axis where the cambium has not 
.vet been difterentiated. The cambium of a part of a stem or root has the 
form of a hollow cylinder, and tliat of the entire plant, a branching tubular 
structure. The whole layer is fre(iuently spoken of as the camhium 
cylinder. Strand-like extensions of the cambium often occur in leaf 
traces, and at leal and branch gaps above .such traces there are breaks in 
the continuity of the cambium while the axis is young. Usually within a 
few weeks after the initiation of cambial growth— or at most within a 
ew months, the length of time depending ipion the size of the gap •ind 
upon other factors— the cambium extends across the gaps gradii'illv 

closing them from the edges. The cylinder is henceforth unbroken except 
I or the occurrence of wound areas. 

In plants m which the stele is dis.sected, as in some herbaceous forms 
the extent of the cambium is, as already stated (page 177), no areater 
than the width of the bumlles of which the stele is composed. In thes,. 
plants the cambium consists of a broken cylinder of strips of tissue The 
^trips follow various courses, according to the pattern of the primarv 
^ascular sy.stem (('hap. N'). The width of these strips or pates o{ 
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cambium necessarily varies as greatly as does the width of the vascular 
bundles of which, they are a part. In some reduced herbaceous forms, the 
total width of the strips is only a small fraction of the circumference of the 
stele. The cambium may extend in strips into the petiole and larger 

vascular bundles of lea^'es. 

Duration of the Cambium. — The e.xtent of the functional life of the 
cambium varies greatly in different species and also in different parts of 
the same plant. In a perennial woodj' plant the cambium of the main 
axis lives from the time of its formation until the death of the plant. It is 
only by the continued activity of the cambium in producing new xylem 
and phloem that such plants can maintain their e.xistence, since the 
functioning life of a given portion of these ti.ssues is comparatively short. 
In leaves, inflorescences, and other deciduous parts the functional life of 
the cambium is short — in many leaves possibly a few days only , and in 
peduncles at the most a few weeks. Here all the cambium cells mature 
as vascular tissue. The secondary xylem then abuts directly upoii 
the secondary phloem in the vascular bundle. In the annual stems o 
perennial plants and in the stems of annuals generally, the cambium 
is of this type; it is functionally active for a short time only, and all its 
cells mature into vascular tissues. In some of the specialized dicoty- 
ledonous herbs which have small, isolated ^'ascular bundles or very thin 
vascular cylinders, very little secondary growth takes place. 
forms lack secondary growth altogether or show so little that it is difneu 
to determine whether or not a true cambium is ever formed, since the last- 
formed metaxylem cells may be arranged more or less in even, radial rows 

and simulate secondary xylem. 

»-^ffect of Cambial Activity upon the Primary Body.— Since the cam- 
bium arises between the primary xylem and primary phloeni, a pai 
of the primarv body is enclo.seil by the newly formed tissues. 1 his innei 
part, the pitli and primary xylem, is completely shut off from the ou e 
parts. It persists within the cloak of secondary tissues unchang 
except for the ultimate disappearance of cell contents and oi cei a 
chemical changes accompanying the death of pith and wood paienc y 
cells. The primary-xylem skeleton is not distorted as the stem eco 
older. In many herbs the pith is destroyed close to the growing p 
during elongation of the axis and the rapid expansion of t le tissues "iu 
as the pith is maturing, but this is not the result of secondary gro _ 
The original primary body lying within the position first occupie . 
cambium is to be found in the oldest stems and roots, structuia « 
the axis before secondary growth began; the xylem skeleton, P>^ ’ ^ 
and inner parts of leaf traces of the seedling tree are still piesen 

base of the old tree trunk. 
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Ihe primary tissues lying outside the cambium — primary phloem, 
pericycle, endodermis, cortex, and epidermis — are, on the other hand, 
pushed outward by the development of secondary tissues. Since the 
increase in circumference to which these tissues must be accommodated 


quickly surpasses the extent to which 


or the slow primary 





idiiial .sections: ^l, before the })OKinninK of secondary growtli; L 
' growth; the gap is partly clo.sed and the phloem has been pu' 
e trace, only the xylem being liuried. C\ D, face views of the s 
er, the trace cut away at the surface level: C, stage shown in A 
[> partly closed and the ba.se of the trace buried. E, F, cro.ss S( 
1 A) G, //, /, cro.ss sections at levels c-c, d-d, and e-e in li' J 
Ijowing departure of five traces, the ba.ses buried in varying < 
lightly cro.s.s-hatched; secondary, heavily. Priinarv i>hloeni 
coarsely. The xylem of the leaf trace is not difTerentiated in 


growth wliich may .still he going on, onablo.s accom, notation, these 
Issues are commonly either ruptured or crushed. The tnimarv ohloem 

smn 1 ! «>‘lo<lermi.s mav increase 

XMUS. I 1.0 poncycl.. and cortex, owing ,l,oi,. .sonu-what firmer 
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structure, and to their partial accommodation by slow primary growth 
to the diameter increase caused by secondary growth, often persist for a 
longer time. But in most plants with well-developed perennial secondary 
growth these outer parts are sooner or later crushed or broken open and 
killed by exposure to drying and other types of injury — especially by the 
shutting off of food and water supplies by cork layers which develop 
within them (Chap. IX). The dead parts are soon sloughed off by decay 
or b}^ abscission, and, after a variable interval, ranging from a few weeks 
to several or many years in different species, the outer primary body 
disappears. The development of secondary tissues preserves the inner 
part of the primary oody intact but is responsible for the ultimate 
destruction of the outer portion. Kxceptions to the loss of the entire 
outer part of the primary body occur in a few woody plants where the 
cortex persists for many ^^ears through the capacity of its parenchyma 
for slow primary growth. Such slow and long-continued growth of 
primary tissues obtains in the epidermis of some wood^^ twigs; in the 
cortex and pericycle ot the same and of similar plants; in a fev plants more 
or less throughout the stem, as in the trunks of some palms that lack 

secondary growth. 

Outer primary tissues that persist unchanged after marked secondai} 
growth has taken place are most conspicuous in herbaceous plants. In 
these plants the o\'erlapping, in time of formation and in position in the 
axis, of primary and secondary growth is apparently greatei than in 
woody forms. The outer tissues are accommodated to the increase in 
diameter due to secondary growth with less distortion than in typie^ 
woody plants. But often as the stem becomes old, the softer cells of the 
cortex, pericycle, and phloem l)ecome much compressed radially, as m 
Aster, ' Linum, Cannabis, and many similar herbs with thick, woody 

cylinders. , 

The Relation of Secondary Growth to Leaf Traces. At no es 

projection of leaf traces makes the stem structure complex. With the 
increase in thickness of .secondary xylem the bases of the leaf traces 
(those parts within the cambium cylinder) are buried, and 
camliium lies always between the .xylem and the phloem (Fig. 82. ), 
formation of new xylem causes the outward movement of all 
as well as of the cambium it.self, not only on the axis, but also on t e la ^ 
(Fig. 827?). Because of the place of origin of the cambium, seconc aO 
growth buries the proximal parts of the leaf traces the inneirnost pa . 
lying in the primary xylem, is without phloem and is buriet \\i 
change; the phloem is stripped away from the part of the trace adjace 

to this and pushed outward, leaving only the xylem of the )e W 

in the secondary xylem of the stem (Fig. 827?). The length of the bune 
part depends largely upon the angle at which the trace epar 
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Only short pieces of the trace lyiiifi; outside^ th(' orif^inal position of flic 
cambium are buried, sinc.e continiu'd secondary growth, in forcing out- 
ward the cortex and phloem in which the outer parts lie embedded, breaks 




^ D 

Img. H.i. -C:io.ss MM tions at succo.ssi vo levels upward of the nodal region of a one vear 

old twiK of Malu^ pumila. A, the lateral leaf traces have passed into the cortex and their 

Kaps are closed; li. the median trace has passed into the cortex, leaving the «ap open the 

Oark-staininK. meristernatic branch traces (supplyiriK the bud) are arisiriK from the sides of 

the (\ the three leaf traces well out in the cortex, the branch traces have united the 

«ap ,.s ; D. t.K. loaf „ a,-...s on.erin^ tl.e base of tl.e petiole, tl.^l>;J;::.h t . a, c" h- ve 

formed a nearly complete vascular cylinder. 


the trat'o in two, the distal iKut of the strand beiiiK torn away and carried 
outward with the t i.ssues in which it lies. Itupture is due t<i the outward 
thrust of .secondary Rrowth lat(>rallv upon tlui tnice (Fifr. 84 . 1 -/;). 'I'liin 
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rupture does not occur until sometime after the leaf has fallen, commonl}'^ 
the first or second growing season thereafter. The secondary xylem of 
the first year embeds the inner part of the trace without injuring it, the 
phloem being slowl^^’ pushed outward but not broken. The time of 
rupture of the trace its elements dead and nonfunctioning after the fall 
of the leaf depends upon a number of factors: the rate of secondary 
gi ow th, the size and cross-sectional shape of the trace, and especially the 
angle at which the trace departs (Fig. SAB,E,F), The more nearly 
the course of the trace approaches a right angle with the stem (Fig. 
the longer the period before rupture, since the surrounding tissues are 
stripped away and the xylem strand buried. Where the trace passes 



Diagrams illustrating the rupture of the leaf trace in deciduous plants. -4, 
longitudinal section of node at end of first season’s growth, the gap htis been closed and the 
base of the trace buried in secondary xylem; B, O, D, stages in the condition of the trace 
(other parts omitted) during the following season: B, the trace unchanged, C, the trace 
stretched and bent, D, the trace broken in two, the outer part carried outward. The 
dotted lines represent the i)osition of the cambium. E, form of trace which rui)tures very 
slowly; F, form which ruptures quickly; G, longitudinal section of node at end of second 
season, the trace ends separated by secondary xylem and phloem. (Shading as in Fig. 82.) 


upward vertically through the cortex, it is quickh' broken, owing to the 
lateral exposure of a long outer part of the trace to tlie outward thrust 
of secondary growth (Fig, 84F). Large traces are broken later than small 
ones, and those crescent-shaped or horseshoe-shaped in cross section later 
than strap-shaped ones. The inner and outer parts of leaf traces are thus 
separated (Fig. 84G); the outer part is ultimately lost with the destruction 
of the cortex, whereas the inner is preserved indefinitely, embedded in the 
xvlem. 

In evergreen leaves the traces are extended by a type of secondary 
growth that increases them in length by additions of new tissue in the 
middle. The primary xylem of the trace is ruptured gradually and m 
an oblique direction and new cells to replace those destroyed are added 
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meanwhile by the cambium of the “armpit” region (Fig. 85). As long 
as the leaf persists, the upper older xylem cells ot the trace are continu- 
ously broken and new cells are added below, the gap is often not 
quite closed but remains open until the trace is broken. Thus, where the 
leaves are long-})ersistent, as in Arouccinciy the trace may become ^el^ 
long and be evident in secondary wood in annual i*ings far irom the centei 
of the tree. After an evergreen leaf dies, there is complete rupture ot the 
trace, as with deciduous leaves. Normally, the ruptured end of leaf 
traces, both in deciduous and in evergreen plants, is quickly covered by 



Fig. 85.- Dia^iarns showing? the extension of the trace in cverKreen leaves. A, tlie 
condition at the end of the first season i at the end of the fiftli season (the paits outside 
the catnhiiiin omitted). In the priinai’^’ parts of the tiace (in solid hlack) <ii c sepai ated 
hy a central, secondary' part (in alternate hlack and white) , this pait is iiiptuied, like the 
primary, hut the hreakinj^ is continuous, the trace heinj? huilt up anew, ohlicpiel^ , h\ an 
“armpir’ section of the camhium, an extension aloiiK tlie under side of the trace at the 
point of its contact with the secondary xylem. (Shading as in Fig. 82. See text for 
further description.) 

typical cambium cells. There is soon no evidence in the later formed 
secondary X3dem of the position of the trace but in Agathis and Araucaria 
the trace cambium (continues to form trace-like cells after the leaf has 
fallen, and secondarv wood, even of old tree trunks, alwa^^s shows buried 

7 * 

leaf traces. 

Bl anch traces are buried in the same wa}' as are leaf traces but are, of 
course, not ruptured. The embedding of branch bases is further dis- 
cussed later in the chapter. 

Relation of Secondary Growth to Leaf and Branch Gaps. — Leaf 
gaps are closed b^" the gradual lateral extension of the cambium; the new 
meristernatic cells arise apparently out of the parenchyma cells of the gap. 
ddie size and the shai)e of the gap determine in part the length of time 
before the gap is closed, wide gaps l)eing closed more slowU^ than long 
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narrow ones. In most angiosperms, leaf gaps are closed in the first 
season (Pigs. 83, 84.4, G). Branch gaps, which are often large, are closed 
more slowly than leaf gaps; some branch gaps remain open until the 
second to fourth 3 ^ears. 

Function of the Cambium. — Aleristems that form secondary tissues 
are commonly looked upon as uniseriate sheets of initials that form new 

on both sides. The cambium, a moristem of this type, forms 
xylem internally and phloem externally. 44ie tangential di\'ision of the 
cambium cell forms two apparently identical daughter cells (Fig. 86.^): 





I'lc;. 80 . — Diagrams illustrating the formation of x\ lem and phloem by the cambium, 
and the changes in i>osition of the i)ldoem and the caml)ium brought about by this activity. 
A, the cambium; B, the cambium cells divided, each forming two daughter cells; C, one 
daughter cell eidarged and matured as a phloem cell (pM. the other enlarged to cambium- 
cell size, remaining a meristem cell (c) ; no change in the i)osition of the cambium occurs. 
D, the cambium cells liave divided again, the inner daughter cell in this case having 
matured as a x\'lem cell (xU. the outer becoming the cambium cell (c) ; the cambium and 
the phloem have been moved outward the width of the xylem cell. E-H, further divi- 
sions occur, resulting in the formation of one more phloem cell and three more xylem cells. 
(The x\ lem and phloem cells are here represented as maturing before the formation of the 
next cell, whereas a number of cells are normally present in an immature condition.) 

one remains a meristematic cell, the persistent cambial cell; the other 
becomes a xylem mother cell or a phloem mother cell (Fi g. S(lC’). depending 
upon its position internal or external to the initial. 'I'he eainl)iuin cell 
continues to di\4de in a similar way: one daughter cell always remain- 
ing a cambium cell; the other becoming either a xylem or a phloem mother 
cell. The setfuence of xylem and phloem formation during this process, 
if there be any uniform secpience, is not known. It is ]>robable that there 
is no definite alternation and that for brief periods, only one kind of tissue 
is formed. Fvidence for lack of alternation is that often — in both wood\ 
and herbaceous plants — several time's as many xylem cells as phloem cell» 
are formed. Adjacent cambium cells apparently di\'id(* at nearly the 
same time, and th(‘ daughicr c(‘lls b(*long to tlu* same* tissue. In this NNa> 
the tamiential continuitv of the caml)ium is maintained. 
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In the formation of xylein, the enlargement of the developing cells 
causes the outward movement of the camhiuni and of all cells lying out- 
side of this layer. This increases the diameter of the cambium cylinder. 
The maturing of phloem cells causes the outward mo\'einent ot the 
phloem cells and cells external to these only; the position of the cam- 
bium is unchanged by phloem formation. the activity ol the canibium 
causes it to move outward each season to the extent ot the thickness ot 

the mature xylem formed in that season. 

Structure of the Cambium. — There are two general conceptions 

of the cambium as an initiating layer i one, that it consists ot a uniseiiate 
layer of permanent initiating cells witli deri\'ative cells that though they 
may divide a few times — soon become transtorined into peiinanent tissue, 
the other, that there are several rows ot initiating c('lls, toiining a 
cambium ^^zone,’’ some ot the individual rows ot which pei>ist as cell- 
forming layers at least for some little time. Hecause cells matuie 
continuously’’ during growing periods on both sides ot the cambium, it is 
obvious that only a single layer ot cells can have permanent existence as a 
cambium. Other layers, it present, t unction only temj)orarily and 
become completely transtorined sooner or later into permanent cells. 
The question invob'cd is apparently how many times a xylem or a phloem 
mother cell and its derivatives may divide; this is ditlicult to a?>ceitain 
and is probably not constant. Divisions appear to take place moie tieely 
in phloem initials than in xylem initials. ( 1 ransverse divisions, such 
as those resulting in the formation ot wood and phloem ]3arcnchyma aie 
not considered here.) Phloem and xylem mother cells may not divide 
or may divide a few times. During rapid growth, there may be more 
divisions than at other times. Loose application ot the term cambium 
to the entire differentiating region between the mature xylem and the 
mature phloem (Figs. S7A, 90), often leads to the conception that the 
cambium (in the stricter sense) is a multiseriate layer. Though the term 
was first applied to a wide layer of differentiating substance, believed to 
be at least in part without cellular structure, best usage now applies it 
only to the initiating layer. 

’Cellular Structure of the Cambium. — Cambium cells, in general, are 
of two fundamentally different types: the ray initials^ which are more or 
less isodiametric and give rise to the vascular rays; and the fusiform 
initials, the elongate, tapering cells that divide to form all cells of the 
vertical system (Figs. 87, 90). The ray initials show little variation in 
cell shape; the number concerned with the formation of a ray is few or 
many, dependent upon the size of the ray, which varies greatly in different 
species and frecpiently in the same species. The fusiform initials are 
uniform in shape as seen in cross section, but show great differences in 
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r Hi. 88. — 1 liu caiiiliiuia iii laii^cnliul .section. A , Pyrus cuiarnu/iis; li , Ultnua atntrivatiii, 
la A and B the radial walls are thick and the pit-fields prominent. f’ and 1), J uglann 
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verse divisions resulting in phloem-purenchynm formation are taking i>lace; at the left 
of D the parenchyma cells are maturing; at the center and right of D the sieve tnh«.» 
and paroncliymu arc noaily mature. All X lOt). 




190 


AN INTRODUCTION TO PLANT ANATOMY 


the proportion of length to tangential width. In woody plants with 
relatively short cambium cells, for example, Robinia (Fig. 87C,Z)) and 
Ulmus (Fig. SSB)j the length is from five to ten times the tangential 
width. In other plants, such as Pyrus (Fig. S8A), Juglans (Fig. 88C), and 
other types in which the vascular tissues are relatively unspecialized, 
the ratio of length to tangential width is twenty- five (or more) to one. 
Gymnosperms show an extreme condition in which the ratio may be 
anywhere from fifty to one to one hundred (or more) to one, dependent 
upon the species and other factors. In herbaceous plants, as a class, the 
common type is that with the shorter initials. Cambium with short 
initials is clearly the most specialized t^^pe, phylogeneticall}^ the most 


recent. 

Size of Camhial Cells . — The size of the individual elements of the 
cambium varies through wide limits. In the specialized woody dicoty- 
ledons, such ixs Robinia , the elongate cambium cells of the mature plant are 

. , • 

about 175 micra in length by 20 micra in tangential width by 7 micra in 
radial width. In Juglans and Liriodendrony Avhich have longer initials, 
the size is about 600 by 25 by 8 micra. The gymnosperms show the 
extremes in large size. In Pinus SlrobuSj for example, the dimensions of 
1000 by 42 by 12 micra have been given; a maximum length of 5000 micra 
is reported in Larix. The size of the ray initials is fairly uniform, the 
tangential diameter generally being about the same as, or a little less than, 
that of the adjacent fusiform initials. It has recentl}^ been shown that, 
in some groups of plants at least, the length of the fusiform initials 
increases with the age of the plant. Thus, in the gymnosperms the 
length may increase from 1 to nearly 4 mm during the first GO years, after 
which it remains constant. In the dicotyledons this increase is much 
less; in iinspecialized wood^^ plants, such as J uglans, onb^ from 0.8 to 1-2 
mm during the first 30 years. In highly specialized t3^pes, such as 
Robinia y the increase ma^^ be onl^^ from about 0.145 to 0.175 mm before 
the maximum is reached. The size of cambium cells varies to some extent 
in the same plant, dependent on position relative to branches, buds, or 
wound tissue, and also on different ecological factors. In crotch angles 
extreme variation in size and distortion in shape occur. Curb^ grain m 
wood is the result of abnormalities in the arrangement of the cambium 
cells or in the form of the cambium c^dinder. Spiral grain also is relate 

to the structure of the cambium. 

In some woodv plants, such as Robinia (Fig. 8/C,/)) and Diospy^O’^,^ 
the fusiform cambium cells, as seen in tangential section, are in ^ 

less definite transverse rows. Such a cambium is called storied. 
stratified arrangement is correlated with short-length initials and vi ^ 
the formation of highly specialized vessels. It is responsible for a simi ar 


ORIGIN AND DEVELOPMENT OF THE SECONDARY BODY 191 


stratified condition of the cells of the xylem and phloem. Some genera, 
for example, Fraxinus and Ulmus (Fig. 88B), have short cambial initials 
that are not storied. This condition is apparently intermediate between 
the storied type and the extreme nonstoried type with long narrow 
initials, such as that of Juglans (Fig. 88C), Salix, Populus, Pyrus (Fig. 
88i4). The gymnosperms have cambium of the nonstoried type. Her- 
baceous plants with well-developed secondary growth, for example. 
Solarium (potato), have short initials that are nonstoried. The preva- 
lent opinion that cambial initials are brick-shaped is based upon the study 
of transverse and radial sections alone. 

Structure of Cambial Cells. — 1 he protoplast of the cambium cell 
is strongly vacuolate, usually with one large vacuole and thin peripheral 
cytoplasm. Except during dormant periods, the cytoplasm streams 
actively. The nucleus is large and in the fusiform cells is much elon- 
gated. The apparently multinucleate condition seen in tangential 
sections of the resting cambium is due to the fact that the tangential 
walls of the radially extremely narrow cells are very thin and tra^isparent, 
so that the contents of several cells may be seen more or less clearly at the 
same focal level. Ihe tangential walls are at all times without definite 
thin areas. The rg^l walls of the cambium cells, on the other hand, 
are much thicker and, while the cambium is dormant, show abundant 
thin areas, the primary pit-fields (Figs. 87^, 88d.,/i). 

Cell Division in the Cambium. — Division of the cambial initials must 
provide not only for the formation of new xylem and phloem cells radiall 3 ^ 
on each side, but also in large part for the increase in the circumference 
of the cambium cylinder itself. The former is accomplished by the 
tanpntial division of the cambium initials, and b\' the subsequent 
division of the xylem and phloem mother cells; the latter, by tj^pical 
I'adial division of the cambial initials in some plants (Fig. 89E); in others 
by transverse division or oblique radial division followed by increase in 
size and gliding growth (Fig. 89/1); and in small part, by the increase in 
the tangential dimension of the initials as the plant grows older. Increase 
m the number of vascular rays is also an important factor contributing 
to the increase of the cambium cylinder in circumference. New ray 
initials are formed from fusiform initials by transverse division of an 
nntire cambium cell or sometimes of part of the cell only. Longitudinal 
^ ivisions also occur in the formation of a new biseriate or multiseriate ra 3 ^ 
n the format ion of broad and very higli rays more than one fusiform 
"iitial takes part. eombination of these methods brings about increase 
m girth of the eamliium. Ra.iial .livision of the cambial initials (plg 
IS eharairtenstie of tho.se plants that have short, storied cambium 
cells and m which the derived vascular ti.ssues are of the highly specialized 
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type, for example, some of the Leguminosae. In plants with longer, 
nonstoried initials, there exist all transitional conditions in respect to the 
position of the newly formed wall or cell plate, from the transverse plane 
to the radial-longitudinal plane (Fig. 89.4, B,C). Apparently in evolu- 
tionaiy specialization, the new cell wall tends to approach the radial 
position as the initials become shortened and approach the storied 








/ 


B 



Fici. S9. — Diapiains of cainhiuni colls, tangential view, illustrating the 
increase in girth of the cambium. A, fusiform initial dividing nearlv 1 

products of this division which elongate and slide by one another as they _ 

stages); H, C, D, three forms of initials showing position of new wall in 
clinal) division: B, C, showing two and three positions respectively, D, the 
E, short initial, c, c. products of the radial division of E, which enlarge tangential . 

longitudinally. (After Bailey.) 

condition. Division in the long cambium cells and their daughter cells 
shows in extreme form the slow progressive building of the new wa . 
kinoplasmosomes (Figs. 14, 15) from the dividing nucleus to the 
the cell. When division is tangential, the daughter cells that 
as cambium initials increase in radial diameter only. New 
initials formed by transverse or oblique di\dsions increase grea ^ J 
length (Fig. 89.4, tho.se formed by radial divi.sions do not incica^ 

in ItMigth (Fig. S9F). 
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Gliding and Intrusive Growth of Cambial Cells and Cambial Deriva- 
tjygs. — Strong gliding or intrusive growth occurs when new cambium 
initials increase in size to that ot the mother cellj when the cambium 

(leri\’atives mature as X 3 ^ 1 em and phloem cells; \\hen 
I adjustment takes place among uneciuall}^ enlarging 
I I cambium derivati^’es. hen a lusiform initial divides 

I j transversely or nearly so (1' ig. 89^4) in the formation 

I If of new initials, the daughter cells enlarge to about 

I twice their original length, extending past each other 
I I and between adjacent initials. In the maturation of 

the elongate cells of x^dem and phloem, there is great 
A 11 I increase in length — even to lour or five times the 
I 1^1 1 length of the initial (Fig. 91)— and contact with new 

cells far above and below. Developmental changes m 
I I size and shape in the zone ol plastic cells neai the 

J // cambium are doubtless in some measure those of sym- 

I II ])lastic growth (page 12), but rapid and great enlaige 

j I ment of the vessel elements brings a pushing aside an 

tearing apart of the adjacent small cells with conse- 
I cpient formation of new cell contacts by many cells 

This displacement of cells is especially great in ring- 
porous woods with simply i)erforate vessels, such ab 

V Qiiei'cus and Rohinia. 

'""Ontogeny of Secondary Vascular Tissues. 

xylem mother cells cut off by the cambium may develop 
into permanent xylem elements without fiuthei di\ isi ^ 
or, as freciuently happens, may divide once or se%era^ 
times before mature cells are formed. In sirnple g}^^ 
nosperin wood all xylem deri\'atives fioin fusi o 
^ "’ • ^,1 ■ cambial cells become tracheidal cells and are essentia > 

wood fibers de- alike c.xccpt for the cliflercnces between cail> 
rived therefrom in , The tracheitis are formetl directly from 

Acarui. (Drawn xylcm mother cells by increase m radial dia 
K, seale.) Klon- length, thickening of the wall, and the loss o 

^ration of the ^ y i 

developiiiK fiber in- protoplast. In gyninosi>ernis with wood • 

volves penetration Containing vessels the xylem mo 

of the tips between ^ _ . , , f\'nps traCUC- 

cells above and be- cells differentiate into two or moie cell > l ^ \\ood 
low; see also Fig. wood parenchyma, vessels, and wood hbers. 

p.;enohyn„. cell, nre formcl l.y "''r,r?„<l K 

sion of the mother cell into a number ot segment. s ( ig. • » ...Ug of 

the subsequent radial enlargement and the thickening o i 
the.se segments. The tran.sverse divisions occur in a ^eltl 
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mother cells, so that the resulting parenchyma cells form a vertical series 
extending tor some distance in the axis. Commonly the vertical series of 
derivatives of a single mother cell retain the prosenchymatous shape of 
that cell so that the series trom a single initial (*an he readilv re(*ognize(l 
in the mature tissue. The ariangement of wood parenchyma and its 
relation to other cells are discussed in ('hap. \TI. The ontogeny of the 
vessel is discaisscal in ('hap. I\". dhe initials of \'as(ndar rays divide 



I’lG. 92. The oiitoKcny of .secoiHlary vascular tissue in Rohinia. A, early stages in 
xyleni formation, c, the cambium. The median portion {m) of the figure shows the 
region of major cell elongation and of adjustment to ve.ssel development wliich involve 
angential and radial enlargement. The tips of elongating cells appear from above and 
>e ow between the radial rows of cells, increase in size, and crowd the cells from syrn- 
metrical arrangement. The great enlargement of ve.s.sel elements crowds the surrounding 
fe s from imsition, flattening and otherwise distorting them; the rays often are turned 
a tight angles to their cour.se. v, a vessel nearly mature, as are surrounding cells. B, 
^ age.s in phloem development to mature tissue. The companion cells appear early; they 
aiu the sieve tubes later enlarge greatly, c, tlie cambium, st, sieve tube. 


tangentially, and the daughter celLs iiicrt'ase greatly in radial diameter but 
ittle or not at all in other diameter.s. 

Time of Cambial Activity. — In ptuennial stems and roots of plants 
lat have dormant periods, carnl)ial activity commonly cea.ses well before 
beginning of this period. Division in cambium cells begins again 
‘I t le end of the dormant period— in early spring, April and May in the 

hi^tl ^ ^ ^ State.s — before, during, or after the breaking of the 

^)U( s. In evergreen fre(‘s it may occur .sorm^what earli(‘r. There is no 

the '***^^*^*^ l>‘>'^dion ol first giowth in the cambium; this is often in 

n central part of the tree, extending then to all parts, hut cambial 


V 
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growth may also start at the base of the tree or at the tips of the twigs. 
Likewise, of two trees of the same species growing side by side, one may 
have cambial activit}^ while the other is still dormant. On bright, sunny 
days in late winter, cambial activity may be started on the southwest 
side of exposed trunks as a result of absorption of heat from the sun by 
the dark-colored bark. If the sunny days are followed by a rapid 
temperature fall, the actiye cambium cells are likely to be killed, and the 
type of winter injury known as “sun scald “ results. 



Img. 93. — Transverse section of part of the cambium region of a vascular bun c 
Cucurhita, pliloem at the right, xylem at the left. Developmental stages of both tissu^J* 
shown. Enormous enlargement of vessel elements has destroyed radial arrangemenj 
changed position, and distorted form of surrounding cells. X 90. {After Esau on 
Hewitt .) 


The first yascidar cells to mature in the spring are phloem motho 
cells. These are cells that were cut off from the cambial initials 
the previous growing period and have remained over winter in an imm^ 
ture condition. The new sie\'e tubes are formed at a time when the 
translocation of stored food materials is most actively going on. Pio^i 
histological evidence, it is probable that in many woody plants all 
tubes functioning in a given season are matured during that .season, a 
all sieve tubes matured the preceding season have already ceased to 
function, though they may not lose their protoplasts or become crlJ^hc|^ 
until ra])id growth begins in the spring. The period of most lap 
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phloem formation may come several weeks after the differentiation of the 
first phloem elements. This period coincides, in general, with that of the 
most active growth in the xjdem. The duration of seasonal cambium 
activdt}" varies with different ages of the plant and of the plant parts, 
with different species, and with environmental conditions. Clenerally. 
after the “flush^’ of growth in the early summer, there is a gradual slowing 
down in the formation of new cells, and in the trunk and main branches of 
some species there is cessation of cambial growth by midsummer. C'am- 
bial activity continues longest in the small rapidly growing twigs or 
shoots that are late in completing their apical growth. In nunsery trees, 
growth in diameter ma}^ continue until late in the fall; in such trees, 
terminal growth also usually continues late. Abundant nitrogen and 

water in the soil are apparently important causal factors in .such late 
growth. 

Burial 'of Branch Bases. — As successive annual lavers of xvlem are 
laid down by the cambium, all tissues within the cambium cylinder are 
buried more and more deepl3^ In this way the bases of l)ranches become 
embedded in the wood of the tree trunk. In a living branch, the buried 
portion has the shape of an inverted cone because, as new lavers of xvlem 
are laid down over the branch, the cami)ium is moved by the increa.se in 
the diameter of the trunk (Fig. 94A) farther and farther away from the 
point of insertion of the branch in the trunk. The buried portion of the 
branch cannot increase further in diameter; hence the inner portions are 
progressively of less diameter as the attachment to the primarv cvlinder 
IS approached. At the apex of the cone-shaped mass thus formed is the 
pith of the branch at its point of union with the pith of the main axis 
(Fig. 94i4). When a branch dies, there is of course, no further increase in 
diameter, and its base is buried as a cone of dead tissue (Fig. 95). Knots 
found in lumber are .sections of embedded branch bases, loo.sely or tightlv 
held in the board, depending on whether the ])ranch was dead or living 
at the time it was embedded. 

As the ba.se of a branch is buried In' the formation of new xylem 

the main axis, the phloem about its in.se rt ion is forced outwai'd 

that in the angle of the crotch more rapidly than that below the crotch 

ami the base of the branch is stripped of its phloem. In small branches in 
'' uch the increase in diameter is relatively small as compared with that of 
t e main axis, as in the fruit spurs on the larger limbs of apple trees, 
f IS stripping is most marked. In this process the phloem is thrown 
up into folds which often appear as concentric rings about the ba.se of 
le partly buried branch. With larger branches and more rapid growth, 
le o der phloem is mechanically broken and crowded out of the crotch 
linge, and the younger, more plastic tissue is thrown up into irregular 
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folds, (jrreat disiojf.ioo in the shape' and arrangeinenl of the camhiuin 
cells results, and soiiu^ of the cells apparently are crowded out and 
destroyed. Adjustment to the necessary reduction in area of the cam- 


2 3 


X' \x 


The phi 


% ^ \ ♦ j 0 ill * 

-'iG. 94. — A, diagram illustrating the burial of bi anch bases by 
phloem is pushed away from tlie buried ijortion and thrown up in the eiotc i j 


oi tiie piiioem in me aiigie, aiui me ueeuMunin ^ , rySL^et^' 

xylem. The enclosure of phloem, together with the formation of abundant 

ciij'rna in the xylem of the crotcii union, renders the crotch weak. (P, njf(/ . 

bium in the crotch angle probably takes place during the gr(n\ing 
while the surrounding cells are in a plastic condition. At this time so 
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of the cambium cells are apparently forced laterally out of the crotch 
angle to the sides of the crotch where they help to compensate for the 
increase in the girth of the cambium which takes place in this region. 

In the crotch angle there is usually a well-defined region where the 
tissues of the trunk meet those of the branch. Here the conducting 
tissues of branch and trunk may remain more or less distinct, and, 
between the two, masses of thick-walled wood-parenchyma may b(^ 
formed. Thus the branch is not ‘Tied to^^ the trunk on the upper side 


•^5. — Transverse section of (leea\’inK trunk of Pinus Strohus, showing the form of 
ranch bases. The inner xyleni and j)ith of the trunk have fjcen destroyed l)ut the 
>ases, resin-filled and lesistant, have persisted. X 32* 




t.V IXTHODI CTIOS TO I'LAXT AXATOM) 


x'ction of pMit of trunk of Liriofh ndrort , ^liowin^r l)Uii(Ml branrh 
l unk (hl.-ick) uiiit<'(l at “.■'houldcM ” on 1 o\v(m h'ft; x\ hnn of f)i aiich 
ink on upix'c .''ido h>' tin' (‘ontortt'd tissue of t lie erot eh an^tle. Heait 
; sapwood and liai k. hjiht. X /2- 

Ill th(‘ formation of callus in the lu'alinf? 

♦ . 1 

t first ahiindant ])i*oIiferat ion of tlie cainhium cells, with 
f masst's of parcaichyma. I'he outer cells of this tis^^uc 
il)(‘riz('(l t h(‘ins(‘h'(‘s, or periderm (Cdiap. IX) de\’ch)p'' 
that a })i’otect inji; liark is formed beneath which tin 
r(i in forming; new \’ascular tissue in tlu; normal ua^- 
to pruning' callus is formc'd about th(‘ (*dg(*s (‘arlN nj 

on As n n(‘\v Miuninl imiio- Is tormed in t h(‘ uninjuu* 
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surrounding tissues the cambium la 3 "er assumes a position at an angle to 
the face of the wound at the point of intersection with it. In this position 
new tissue formed in the normal wa.y will e.xtend the growing la.ver over 
the cut surface until the two opposite sides meet. Ihc cambium lavers 
then unite and the wound is completely covered. Subsequently formed 
growth-rings bury the wound more ami more deeply. 

The Cambium in Budding and Grafting. — The inipoitant iiracticc's 
of budding and grafting have as their ba.sis the ability of the cambium 
of both stock and scion to develop callus and unite, forming o\er the 
union of stock and scion a continuous cambium layer which will give 
rise to normal conducting tissue. There is aiiparently an actual union 
of the cambium of the two plants. Where there is so-called “ incompati- 
bility” of stock and scion, such as occurs between some varieties of apph* 
and certain dwarf-apple stocks, the cambia of the stock and .'^cion fail to 
unite to form a normal growing laj-er that will, in turn, produce normal 
•xylem and phloem but produce, insteatl, masses of parenchyma which 
make the union weak and conduction slow. Gamhium acti\'it\' and 
structure in relation to graft union is not well understood. 

Where the cambium is injured during the growing season— for 

example, when branches are ringed — it ma\' be regenerated from the 

immature xylem cells beneath, provided the ti.ssues are protected from 

desiccation soon after the injury. In ringing experiments, it is sometimes 

difficult to prevent the formation of new camliium even by scrajjing the 

surface of the wound with a knife because callus tissue is formed by the 

living, immature cells of the xj-lem, and in this callus a new cambium is 

differentiated. At first this new mcri.stematic tissue is not normal cam- 

hiuna in shape and size of colls, but eventually the normal condition is 

attained. The formation of galls and some types of hurls may be due' 

to local stimulation of the cambium to abnormal activity by insects or 
disease. 

v"The Cambium in Monocotyledons. — The monocotyledons as a class 
are without secondary thickening; the plant body consists of iirimary 
tissue onlj'. \ estiges ol typical camhial activitj' occur, however, 
in some genera, especially in the vascular bundles of nodal regions 
and of leaf bases. special type of secondaiy thickening occurs in a few 
forms (some woody and a few lierbaceous I.iliaceae— /Jmeaeno, Aloe. 
Yucca, Vcralrum and .some other genera), whereby the stem is inciea.secl 
in diameter by the formation of a cylinder of new bundles embedded in a 
tissue of le.ss specialized nature (Fig. 97). Here a cambium laver is 
tormed from the meristematic parenchyma of the pericyclc or of the innei- 
most cortical cells. In roots, at least in some plants, a cambium of this 
t> pe forms in the endodermis. The initials of this cambium varv grentlv 
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ill shape; in diOVront spe'cios, ranging in I'orin through jiolygonal and 
rc'ct angular to tusitorin, and are' e‘e)inine)nl\' xariahle' e'\’('n in a small 
re'giein in a single' jilant. 1 lu'v stanel in tic'rs leirining a steirieel camhiuiu 
as in the neirinal e*ainl)iuin eif seiine' elie*e)t vh'eleins. 
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1 he; eleve'lopine'iit hy eainhial ae*ti\'ity in ste'le's with aneinialeiiis striK" 
tore' is eliseaisse'd in ( diap. XI. 
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CHAPTER Vn 

SECONDARY XYLEM 


Secondary xylem often makes up the bulk of the vascular tissue of a 
plant, and, in most woody plants, constitutes tlie bulk of the entire plant 
body. In such plants it is a tissue of great importance, because through 
its functions a huge plant bod}" may be maintained in the atmosphere with 
its various parts favorably situated as to light and air. Mechanically, 
the xylem supports and anchors the body; physiologically, it conducts 
w^ater, and perhaps other inorganic materials absorbed by the roots, to 
all living parts of the plant. Further, it provides in its living cells stor- 
age space for considerable quantities of food. Of the total amount of 
xylem in the body of most trees, however, a considerable part (heart- 
w^ood) is not functioning except in the way of mechanical support. 
The secondarv xvlem of tree trunks is of great economic importance, 
since it constitutes the timber and w"ood of commerce. It also has many 
other uses of less, though often of much importance. 

GROSS STRUCTURE OF SECONDARY XYLEM 

Secondary xylem consists of a closel}^ compacted mass of thick-walled 
cells so arranged as to form tw’o s3^stems: a longitudinal, that is, vertica, 
and a transverse, radiating system. ^ The longitudinal S3^stem consists o 
elongate, overlapping, and interlocked cells t rachejds, fibers^ and 
elements — and of longitudinal row-s of parenchyma cells. All these cel s 
have their long axes parallel with the long axis ot the organ of which t e, 
are a part. The cell t3"pes of this system are discussed undei X3dem 
Chap. IV. In secondary xylem, these cells are in general similar to those 
of the primal’}’’ X3’’lem of the same species. 1 he}" are consideiabl} shoi 
and may differ otherwise in form and in structure — for example, in 
vessel-element perforation. Annular and spiral tracheids and 
are of course absent. The radial system consists chiefl}’ of parendryn^ 
cells w’ith their long axes at right angles to the long axis of the c 
cylinder. These horizontally elongate cells constitute the X3dem ra}^* 

Rays are, of course, absent in primary xylem. 

1 The distinction of two such systems is made merely for 
tion. As distinct tissues, the systems, of course, do not exist. The basis o 
tion is that of arranf^ement of cells and of direction of conduction. 
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Xylem Rays. X ylem rays , or wood rays , are sheets of tissue, more 

r^- ? I'ibb^-like, extending radially in the xylem 

(Figs. 98, 99). Xylem rays are a part of a system of conducting 

tissue which extends as a continuous band through the cambium into 

the secondary phloem. These radiating strips of cells have been 

generally known as medullary ray s, or pith 7 -ays, since in position 

and parenchymatous nature they to some extent suggest radiatina 

portions of the pith. The use of this term is based upon a supposed 

homology of these structures with actual projections of the pith 

( mediJIa ), such as occur in herbaceous stems of the Rauunculus type 

( ig. 135F). Ihe term “medullary ray” for these radiating bands of 

•xylem and phloem is, however, clearly a mi.snomcr since very few of these 

rays of tissue have any connection with the pith and, further arc not 

morphologically homologous with structures, such as the radiating pith 

arms of stems of the Rauunculus type, which may perhaps logically be 

called medullary rays. These radial bands are best called vasc 7 dar raus 

since the bands are rays of vascular tis.suc, partly of xylem, partly of 

pnioem. The terms wood ray, or xijlcrn ray, and phloem ray for those parts 

01 the ray confined to xylem and phloem respectively, are already in use 
ana are particularly appropriate. 

^ ascular rays lie at right angles to the long axis of the stem or root 
ana are always continuous through the cambium and into the phloem. 

ej aie stiaight except when crowded aside 1 ) 3 ' unequal growth of the 
surrounding cells or tissues. All va.scular rays are initiated by the cam- 
mm and, once formed, arc increased in length indefinitely by the cam- 
mm New ray tissue is thus added in a region near the middle of the 
ray, the older parts being .separated by the formation of new cells in the 

rae length of time since it was initiated and upon the rate of growth of 

the s^econdary tissues. At the beginning of secondary gro^^•th a certain 

number of vascular rays are initiated. As the circumference o7 ih ! 

' a.scular cylinder increases with the addition of new secondary tissues 

e c istal parts of these rays become more and more widely separateeV 

oon the width of the .segments of xylem and phloem so increa.ses that the 

•ells formed in the center of the segments are remote from the exist ina 

■ays. .New rays aTre then formed at fre<,uent intervals tangentially so 

that al xylem and phloem cells are fairly close to rays. The scattered 
vertical and tangential distribution of the ravs brina« ^catteied 

every tracheid and similar elongate cell at least one raV(Figs 98 C 
In gymnosperm woods where no wood norpnr.^ . ^ ‘ 

-very tr„l,»i,l i, i„ direct contact with at ieaat “ f"?'' 

i- ..teir io.„it„di„., eatent, co„e t“rir„a„';‘'::y;.‘'):’ 
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herbaceous stems, such as those of Ranunculus ^ where vascular bundles 
are separated by projecting parench^unatous wedges (which may perhaps 
be called true ‘^mediillaiy rays”), and in vines, such as Clematis^ where 
the bundles are separated b}" bands of secondary parenchyma, vascular 
rays are lacking. In such plants the bundles are so small that no con- 
ducting cells are far removed from radial sheets of parench^^ma. The 
absence of vascular rays in these plants is doubtless the result ol loss 
during evolutionary specialization. The relation of contact or of 
closeness in position of living cells (ray cells or wood parenchyma) to 
conducting cells (tracheids and vessels) is apparently of the greatest 
importance to the functioning abilit}^ of these nonliving cells. 

Annual Rings; Growth Rings. — The secondary xylem in perennial 
axes commonly consists of concentric layers (Fig. 3), each one ot which 
represents a seasonal incremeivT TVTiefTseen in cross section of the axis, 
these layers appear as nng s, and the terms o^xual ring and growth rir^ 
or growth layer ^re applied to each layer. These layers are usually 
called annual rings because in the woody plants of tem perate regions 
and in those of tropical regions where there is an annual alternation of 
growing and dormant pericnls, each layer represents the growth of one 
year. The term “growth ring” is best for general use because under some 
climatic conditions the growing periods ma}^ not be one per year. 

An annual ring or growth ring of xylem is a layer ot secondaiy xj^leni 
formed in one growing season over the entire plant and is, therefore, an 
extensive tubular structure having the general form ol the axis of the 

plant. It is open at the ends where meristems occur. 

The width of growth rings varies greatly and depends upon the rate 
of growth of the tree, which is, of course, controlled by many factors 
Wide rings are formed in young trees and under tavorable growth concli 
tions generally. rnfavoral)le growing seasons produce narrow rlng ^1 
and favorable seasons wide ones. Such injury as defoliation during the 
growing period also causes narrow-ring formation. Abrupt changes m 
the width of rings successively formed are produced by sudden changes m 
the growth conditions of the tree; serious accident to the tree, 
pruning, changes in soil drainage, fertilization, and removal of sha mo 
trees leave evidence of the changed conditions in the width ot the img 
The growth rings of the tree provide a real record of some phases o t e 

history of the tree. , . 

A growth ring varies in width in different parts of the plant 

different parts of the circumference of the axis at a gn en ie\ 
thickness around the axis is most uniform over parts that are free ro 
branches, as the smooth trunks of trees. Below the insertion and a on 


SECONDARY XYLEM 


209 



i 


the underside of branches, in some types of crotches, above large roots, 
about w ounds and other abnormalities, there may be a very decided 
thickening of the ring. Local increased food or water supply is appar- 
ently responsible for this condition. In trees, such as the apple tree with 
prominent large branches low on the trunk, the trunk may be built up in 
definite ridges or .segments, each comiiosed of the conducting tissues lead- 
ing to the limb directly abo\ e. Wliere there are sei eral large limbs near 
the same level, the entire trunk below may be obscurely divided into 
radial segments of tissue leading mainly to those limbs. The upper 
central part of the tree may thus lie robbed of sufficient 'vater and 
nutrients. Of course, the segments are not tlistinct, e.xcept as flutings on 
the stem, and merge into one another laterally. L.xperiments have shown 
that, even in smooth trunks, conduction is more or less lestricted to 
vertical segments of the trunk; that is, roots on one side of a tree to a large 
e.xtent supply the branches on the same side. Conduction laterally is 
slow in the trunk, the ‘main current’ passing directly upward. Tangen- 
tial conduction takes place where no roots or branches occur on one side, 
as well as where wounds cut off direct communication. Buttressed tree 
trunks, such as are seen in elm trees and many others, especially tropical 

forms, are due to strong local thickening by the cambium above the main 
roots. 

Growth rings ai e characteristic of woody plants of temperate climates; 

they are weakly develoiied or lacking in tropical forms except where 

there are marked climatic changes such as distinct wot and dry seasons. 

Annual plants and herbaceous stems of perennials show, natuVally but 
one layer. ’ 

harlxj II ood and Laic Wood . — d'he presence of growth rings is due to 
seasonal variations in growing conditions. Tissue formed in the early 
l)art of the growing period, varhj wood, differs in cell size, type, and 
arrangement, and in proportion of kinds of cells from that formed' hrter 
'n the period, the laic wood. The terms spring wood and sinnmcr wood 
are in common use for early wood and late wood, respectively, but are 
not strictly a])plicahle because in some plants the two parts of’ the ring 
are not so restricted seasonally, even in temperate regions. The terms 
annual ring,” “spring wood,” and “summer wood”Jiare been long in 
use and are generally apt for temperate climate plants; they will douht- 
e.ss continue in u.se. (The terms .summer wood and fall wood, formerlv 
used for early and late wood respectively, have ceased to be used since 
m most tiues no wood is formed in the autumn, and some wood commonlv 
<levelops in the s,,rmg.) .\n annual ring, therefore, consists of two parts'- 
an inner layer, early wood, and an outer layer, late wood. No line exists 
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between these two parts of the ring because early wood merges into late 
wood. However, the line between the late wood of one year and the early 
wood of the next year is sharp; this line renders the annual ring distinct. 

False Ayinual Rings . — The formation of /a /sc annual rings frequently 
occurs as the result of a check in normal development of xylem followed 
by a resumption of growth in the same period. Defoliation, drought, and 
other disturbances in development bring about premature formation of 
late wood. In trees with determinate g rowth, s uch_a g^the oak , th^ winter 
buds,^ especially the terminal biidSj may begin gro wt h jrem atm^ly in 
late suinTher; the consecpient growth activity is accompanied by the 
formation of a false ring. False rings can be readily detected by the less 
sharp delimitation at the outer edge of the late woo^ An annual ring 

that is made up of two or more false rings is sometimes called a double 

% 

(or multiple) annual ring. 

Ring-porous and Diffuse-porous ]Vood . — Anniuil rings are often 
rendered conspicuous l)y the restriction of vessels to the early wood, or 
by the formation there of very large vessels, _as in Qucrcus (Fig. lOl.-l)) 
Calalpa, rimus (frontispiece), or of more numerous and somewhat larger 
vessels there than in the late wood. AVhen, for these leasons, x\lein 
shows the early wood conspicuously distinct from the late wood, it is 
said to be ring porous^ as in Fraxinus and Qucrcus (Fig. 101-1); "ben (“e 
vessels arelhhly uniformly scattered through the ring, as in Bctula, 
Acer, and Fopulus (Fig. ioo.l), and where the tramsition in size or 
abundance is gradual from the early-formed to the late-formed cells, 
as in Juglons and Molus (Fig. 102.4), the wood is called diffuse porous. 
Hctwccii those two typos no lino can be d^cl^^n cind m«in\ vooc s a 
distinctly intermediate type in this respect. 

GENERAL HISTOLOGICAL STRUCTURE OF SECONDARY XYLEM 

Types and Cell Arrangement in Secondary Wood.— In both the 
longitudinal ami radial systems, living and nonliving cells occur, 
proportions and the arrangement of the t\\o kinds ^aI^ing gieat 
the siiecies, and to some extent also with the time of >eai " 
with the organ in cpiestion, and with the individual plant. 1 he ra ‘ 
svstem, that is, the wood rays, consists in most plants whol y o 
cells; the longitudinal system, on the other hand, commonly , 

rather small proportion of living cells. These, in the ‘y" ° , gd 

parenchyma, make up hmgitutlimih^jmiserh^' ^lanc s o ® 
end to enil, extending indehiiitely in the wood (Figs. • • , • . 

water-conducting and the supporting cells of the different ypea oecm J- 

various proportions and arrangements. Usually, m a p j^pgs. 

a few kimls of cells are present, but some species possess se\ eia 
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In Abies, for example, the wood (witli the exception of tlie wootl rays) 

or, in some species, of tracheids and wood 
parenchyma, \yi Picea, of tracheids and fihei'-tracheids, and in some species 
of wood parenchyma also; in Larix, of tracheids, fibers, and wood paren- 
chyma; \i\ Lirioderulwn, of vessels, fiber-ti acheids, and wood parenchyma- 
in Acci j ot vessels, fibers, mid \i’ood jim’enchynitij in sdiiie spc'cies of 
Quercus, of tracheids, fiber-tracheids, typical fibers, libriform fibers, 
gelatinous fibers, vessels, and wood iiarenchyina. 

The different cell types are arranged in various ways. (The radial 
arrangement of all cells is, of course, the I’csult of the method of de\’elop- 
ment of secondary tissues.) The cell types may be fairly uniformly 
distributed through the wood (Figs. 100.1, 103.1), or thei'e may be formed 
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^ IG. lo t. DiaKi uins illustrating wood-pai tnichy ina distrihution. the parenchyma cells 

shaded. .1. terminal; H, difTiise; (\ vasicent rie. 

a somewhat definite pattern of rows and masses of the different types 
(frontispiece). More or less definite tangential rows constitute a frecpient 
t.vpe of arrangement; for example, in Carijd^uul Diospijms (Fig. 103.1) 
the wood parenchyma cells are so placed (in the figure the parenchyma 
cells are the small cells with large lumina). \ e.ssels are often found in 
clusters, as in Betula, [ 'Imus (frontispiece), and RoJnnia. 

Wood-parenchyma Distribution. — Wood parenchyma is distributeil in 
iree ways. These constitute types that are constant in genera and 
arger groups. 1 n some gymnosperm woods, wood parenchyma is absent • 
in others, such as that of iMrix and Pseudolsuya, and in some angiosperni 
'Noods such aH.Unynolia and Salix, wood parenchyma cells o(-eur only in 
le last-formed tissue of the annual ring.— in other words “on the face of 

wr' ” ?«-•<•«*»»» Tk. 

u-ld). W here parenchyma occurs not only in this location, but is als/. 
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scattered throughout the annual ring, some of the cells lying among the 
tracheids and fiber-tracheids, the plant has diffuse, or mekitracheal, wood 
Varenchyma (Fig. 104^). Malus (Fig. 102.4), Quercus (Fig. lOU), and 
Diospyros (Fig. 103.4) have diffuse wood parench 3 ^ma. Where paren- 
ch^^ma occurs at the edge of the annual ring and elsewhere only about 
vessels, that is, in direct contact with the latter, or in contact with other 
paiench^una cells which are direct 1^^ or indirectly in contact with vessels, 
and does not occur isolated among tracheids and fibers, the plant has 
vasicentric, or paratracheal, ivood parenchyma (Fig. 104C). Acer, Fraxi- 
nus, and Catalpa have parenchyma of this type. 

Structure of Gymnosperm Wood. — Certain general types of secondary 
xylem characterize the larger plant groups. That of the gymnosperms 
IS simple and homogeneous, consisting of very few cell types, often of 
tiacheids only with the exception, of course, of the ray^s — as in species of 
Abies and Agathis. In such xylem the late wood differs hardly at all 
from the early wood; in other genera, as in Larix, Sequoia (Fig. 99.4), 
and in the hard pines, the late wood is conspicuously different from the 
early wood. Some genera show intermediate conditions. In all genera 
the nonli\ ing cells of the late wood, fiber-tracheids or fibers, differ from 
ty^pical tracheids only in thickness of wall, width of lumen, and size and 
numbei of pits. ly^pical fibers are rare in gymnosperm woods. Wood 
parenchyma often called rcshi cells in gymnosperm wood — is absent 
in a few genera, for example. Araucaria, l^axus, species of Picea, andPinus 
(except for that about resin canals). It is scarce in many other genera, 
such as Larix and "Tsuga, where it is terminal. More abundant paren- 
chy ma, ai ranged diffusely, characterizes such genera as Jumperus, 

I huja, Sequoia, and Podocarpus. A essels occur only in the Gnetales. 
Gy^mnosperm wood is simple in structure. 

Structure of Angiosperm Wood. — The wood of the angiosperms is 
chai actei ized by^ the presence of vessels, and, in general, by a complexity 
of stiucture far greater than that of the gymnosperms. This complexity 
is due to the presence of several kinds of cells — tracheids, vessels, fiber- 
tracheids, fibers of various types, wood parenchyuna cells (or some of 
these); to variety^ in ray'^ form; and to the arrangement and interrelations 
of the different kinds of cells with one another. In most genera, vessels 
are abundant, and in some woods they’' constitute a considerable percent- 
age of the wood, as in Tilia and Populus (Fig. 100). They are also 
abundant in vines and many^ herbs. In herbs vith complete woody 
cylinders they'' are frequently^ less abundant, and are small. ^ In roots, 
vessels usually make up a large proportion of the wood. The wood of 
only^ a few groups of angiosperms — the Trochodendraceae and a few other 
primitive members of the Ranales; some xerophytes and hvdrophy’tes, 
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secondary wood of monocotyledons— lacks vessels. Wood i>aiencliyma is 
probably present in nearly all woody angiosperms, being abundant in 
some, as in Carya and Platanus, and scarce in others, as in Acer and Lirio- 
(lemlron. Typical wood parenchyma is absent in herbs with isolated 
vascular bundles and in some vines with Inmdles separated by wide 
parenchymatous rays. Fibers of several kinds may occur, e\ en in a single 
species. Complexity and variety of structure are prominent featuies ()f 
angiosperm wood structure; in this respect no tissue, unless it be angio- 
si)ci;m phloem, surpasses secondary xylem. 

^ Xylem Rays. — The xylem ray i)artakes in the general tunction ol the- 
vascular ray, of which it constitutes the part inside the camluum. The 
vascidar ray, from its structure and ])Osition, seems to serve for transver.se 
intercommunication in the living parts of va.scular tissue, and perhaps 
also, through accompanying, radially extended intercellular si)aces, to 
some extent makes jwssible an interchange of gases with the outside 
atmosphere. Hv the agency ol the euiscular ray, \\att*i ma\ b<‘ ie‘adil\ 
transferred Irom the xylem to the cambium and the phloem, and lood 
supplies mo\'ed from the phloem to the cambium and to the wood 
irarenchyma. To the parenchyma and the inner ray cells, food for 
storage is readily passed inward from the phloem by the means of the 
rays. In the older, longer rays the terminal iiarts are not functional, 
the inner being included in heartwood, and the outer cut olf, togethei w ith 

the surrounding cells, by periderm layers (Chap. IX). 

The cells constituting a xylem ray are for the most part elongated in 

the direction of the long axis of the ray. Where all the cells are of this 

t.vpe the ray is homogeneous; where the cells are of different morphological 

types, some being vertically elongated or subcubical, the ray is helero- 

gencous. Ray cells are typically prismatic, often distinctly rectangular, 

though the corners arc often rounded, and in very broad ray-s, as mQiwrcus, 

the cells mav be nearlv round in cross section. Xylem ray's vary in width, 

* ’ ^ 

height, and longitudinal extent. They may be one cell wide, as in Picea 
(Fig. 98C) and Populus (Fig. 100), when Riey are known as uniseriale; 
or two to many, mulliseriate. Both uniseriate and multi.scriate rays 
mav be either homogeneous or heterogeneous. In angiOsirerms hetero- 

V 

Koneous rays are apparently more primitive than liomogeneous ones, and 
the condition where all rays are uniseriate and homogeneous is the most 
advanced. Groups of closely placed, narrow rays, such as arc found in 
Alnus and Carpmus, are called aggregate rays; and multiseriate rays of 
certain types are sometimes known as compound rays. The latter term 
is a poor one because for some such rays it is a misnomer. The cells of a 
xvlern rav lie in definite horizontal rows, and the c(*lls of contiguous rows 
are so placed that the ends of a cell rarely coincide with the ends of tlu' 
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cells above or below. Neither do the end walls of the ray cells bear any 
relation to the walls of the cells of the vertical system. Structurally, 
the ray is more or less like a brick wall, the individual cells representing 
the bricks; the uniseriate ra}' is like a wall one layer thick; the biseriate, 
t wo layers thick, etc. In height, the rays range from one cell to veiy 
many, from a fraction of a millimeter to 8 or 10 centimeters. Certain 
so-called ‘^medullary rsiys^^ of vines and herbs may much exceed the 
maximum height given but these are of different morphological nature. 
In a given species the rays may be of various widths and heights (Figs. 
99C, 102C), or all may be of approximate!}^ the same width and the same 
height. For example, in nearly all gymnosperms the rays are uniseriate, 
but vary much in height (Fig. 98C) ; in many species of Quercus^ uniseriate 
and very large multiseriate rays occur (Fig. 101d.,C), no intermediate 
types being found, and the height of the rays varies. In Bctula and Accr^ 
the rays range from two to ten cells in width and are fairly constant in 
height; in species of DiospyroSj the rays are alike in width and in height. 
The shape of the cross section of the ray as seen in tangential sections 
of the wood varies greatly in different plants, being linear, oblong, fusi- 
form, or round-fusiform. The type is usually constant for a species. 

The length (radial extent) of a xylem ray is dependent upon the posi- 
tion of the point of origin of the ray in the xylem (for origin of rays, see 
Chap. \ I). From that point the ray is continuous to the cambium; 
xylem rays are discontinuous between the point of origin and the cambiurn 
only in case of injury to the cambium. (False beginnings and endings of 
rays appear in sections because the ray passes out of the plane of section 
and seems to end.) 

In most woods the rays are arranged without definite plan, except 
that of a fairly uniform distribution through the vascular tissue (Figs. 
98C, 102C), such that two rays never come into contact, and no con- 
siderable areas exist between them. In certain woods, especially those 
of tropical genera, such as Diospyros, the rays occur more or less definitely 
in tiers. Aside from their position as radiating bands, rays bear in their 
arrangement no relation to general stem structure; but the distribution 
of certain of the first-formed and of the very large rays may be dependent 
upon phyllotaxy, these rays having a definite relation to the position oi 
leaf traces. 

Ray Trachcids . — The cells of the wood rays are usually all li^ mg, 
and of a type that differs from typical parenchyma chiefly in the pre.sence 
of a thick, more or less lignified wall. However, in a few genera ot th( 
gymnosperms, for example, Pinas, the rays consist ot both living am 
nonliving cells. The latter are termed ray trachcids because the\ aie 
tracheid-like in the lack of protoplasts and in the pitting and chemica 
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^ifcirely here or elsewhere in the ray are two kinds of cells formed 
The number of rows of cells which may be of ray tracheids 
varies from one to several, one to three being most common. Rays that 
consist of only one, two, or three rows of cells may be entirel}^ of ray 
tracheids; and where the rays are very high, there are often, near the 
middle of the ray, rows of interspersed ray tracheids in addition to the 
normal marginal rows. Ray tracheids, f^^Jl^their structure and position, 
apparentl}" serve to conduct water radia 

Marginal Ray Cells of Angiosperms. — Ray tracheids do not occur 



in the angiosperms but the ra 3 ^s of this group are not alwaj^s homo- 
geneous. The wood of maii}^ genera, such as Salix and NyssOy possesses 
rows of marginal cells different in size, shape, and content^ from the 
other cells, and obviousl^^ different in function. These cells are always 
living. Their longest diameter is vertical, or the cells are shorter than the 
typical ra 3 ' cells. The pits of the lateral walls, especialh' those leading t^^ 
vessels, are larger and more numerous than the corresponding pits of other 
rav cells. Marginal cells ma^" form continuous rows, when the^^ are said 
to be conterminous, or occur scattered along the marginal rows, when the}'' 
are interspersed . The fu^^ion of marginal cells in the angiosperms is not 
understood. In manv woods these cells contain special secretions, such 
as essential oils, as in Sassafras. , 

^Ralloon-Iike enlargements of parts of cell walls, projecting 
into adjacent cell lumina through pit cavities, are knowm as tyloses. 
d hese structures are found in both primaiy ^JJliecondar}’’ xylem but are 
Jargely features of secondaiy x^dem' and aMJJPferefore,^ discussed here. 

( I vloses are formed bv the enlargement of the pit membranes of the half- 
bordered pit-pairs between wood parench 3 ^ma or wood-ray cells, and 
vessels or tracheids. The delicate membrane is expanded and grows, 
apparentl}' bv intussusception, pushing out of the pit cavity and protrud- 
ing far into the lumen of the nonliving cell (Fig. 106). Into these bladder- 
like extensions of the parenchvma cells pass part of the c 3 Toplasm and 
even the nucleus. After the tvloses are full grown, starch, ciystals, 
resin, and gum ma}" be formed within them, but the presence of these 
substances in (piantit}' is uncommon. The t 3 dosis ma}^ remain small oi 
become veiy large; its size and shape depend in part upon the size of^the 
lumen of the tracheid or vessel into which it extends, and in part up 
number of other tvloses present. The wall of the t 3 'Iosis ma}' reim 
and delicate, becoming wrinkled and partial!}^ collapsecMii heartwoocl, oi 
ma}^ become thick and even lignified; pits ma}" be fo^^W in it when it 
comes in contact with other tyloses. The tvlo.'^es in a^^en cell ma}' he 
few, as in Populus (Fig. lOOC), or manv, as in the white oaks (Fig. 101;. 
when thev fill the lumen and become angular I)}' compression.^ 1 vloses 
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are undergo division in some plants and form “multieelhdar 

tissu^ A'hicli fills the lumen compactly, as in Rohinia and Maclurn. 
That ^ch division is responsible for the multicellular appearance V- 
doubtlll. The appea^^l^ of separate cells may be bnnight alxr., by 
the presence of mul||^K of tyloses, each slender, and all re .rually 
compressed, as are 1|jp^iubbles in a crowded mass. ('J'vloses ni:r, 
develop from occasional pit-])airs only, as in .Jtiglans, Lin'odc/iilrot, . and 
Sassafras, or from great numbei's of int-pairs, perhaps from every pit 



A „ 

I i(;. 100 —Ty loses. A, two inature tyloses, derived from nits it, 
Aesc,A,.s ocU.,ulra. X «S0; yo.arg ,ylo»o. i,. vo.s^el of 


(leading to a living cell) in a vessel, as in Rohinia, Rhus, and Catainu 
• lore than one tylosis may develop from one parencln-rna cell d^'lo.e^ 

»f IholtiTv i"' “ «'»<> !» ™o cent . cl„,i„e 

(Fig loV! ThTT n^ of tl'O epithelird c.dls 

XM.n, uhere ent„-e par-enchyrna cells pa..,s of o^.lls ,„.o,,.„.l,. i„l„ 
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weak'jiied or ruptured tracheid or vessel between the rings or turns of the 
spiral. 

I Tyloses are of common occurrence in angiosperm wood. They are 
i)) f^*teris- Ic of certain species, and always absent in others.^ In many 
' .'m!: tV' ;scs develop al)Out the time of transformation of sapwood into 
: v^'cvni. but the}^ may be present to some extent even in the outei- 
most rings of sapwood. (They are most abundant in heartwood, but 
may occur also in the sapwood whenever normally present in the heart - 
'A',od. Tyloses occur in the vessels of herbs also.^ They have been 
described or reported in such genera as Cucurbifa, Coleus, Carina, Porln- 
laca, Rurnex, Asarurn, and Convolrulus. Not only is tylosis development 
normal, but it may be induced in many plants by wounding, tor 
example, the}^ may develop in the region near wounds on the surface oi 
a tree trunk or in the region where a branch has been removed; after tiie 
felling of a tree, tyloses may form in the sapwood throughout the log as 
it lies upon the ground. (They may be present in the inner part of leal 
traces after the leaf has fallen. Such tyloses, however, are usual !> 
sporadic in occurrence, and irregular in shape and sizeJ| 

Tli( development of tyloses either normally or as a result of wounding 
is said to be due to a difference in pressure in the cells on each side ol a- 
pit membrane; to the reduction of pressure; or to the cessation of con iue- 
tion in the vessel, permitting the membrane to expand into the cell. 

The dicitribution of tvloses in wood is not determined by type ot 
wood, by rate of growth, ])y age of the plant, or by habitat, 
wood paren.chvma is scarce, tvloses likewise are few. 

,, — ^Vloses are of considerable economic importance in the use of ^^(lod^. 
They are a factor, though a minor one, in durability; durable species, 
few exceptions, possess abundant tyloses — for ex.ariiole, Madura, Rohinia, 
Juglans nigra, jMorus, Catalpa, and the Avhite oaks. blocking the 

vessel lumina they prevent rapid entrance of water, ai?', and funga 
filaments. ( Durability, however, is largely dep^mdent upon the chemica 
nature of the wall.) The presence of tyloses j>revents rapid penctiation 
artificial prci^ervatives.') For example, under treatment with ere )>ote, 
j*ed oak wood, which is without tyloses, is prarntrated lor long distance^^ 
ihrough the vesi-.ds, whereas w'hite oak w(>'*d, with tyloses, is haH > 
penetrated at jdl. Similarly, white oak wood can be used in 
cooperage, v, luji cas red oak with its open \"cs'els is of little ^ alue loi 

purpose. ^ . 

^Sapwood arui Headwood. — Although litlle is knowm definiteh a oi 

the conductive activity' of xylem of diffe.ent ages, it is piobable ^ ^ 
cells w’lien first mature are most active, am/ ! hat there is a gi afhial s 
down of conduction lu.til functional acti^diy ceases. So loiif; a> x> 
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contains living cells and is apparently conducting, at least to some 

IcarJlld N becomes 

heartwood.) The terms alburnum and duramen, formerly much used for 

»ap»„« and l.ea,1„-„„d ,,a|»e,ivc.|y, arc pacaing ou. of uar-Tl” 

«apwood of a tree serves for conduction, support, and food storage- the 

eartwood only for support.. In the transformation of .sapwood 'into 

heait«ood a number of important changes occur: all living cells lose 

eii piotoplasts; the cell sap is. withdrawn, and commonlv the water 

content of the cell walls greatly reduc/d; any food materials pre.sent in the 

hvmg ce Is are ijmovoil; tylo.ses, if characteristic of the wood, are forinell- 

the paitly hgnihed walls ot parenchyma cells may become more stroindv 

.gnihed; here are formed within or brought into the 

Tufcllrmr'v tannifer- 

.embmnes bec;>m;ri:::r £ 

being as ireartwood m::;i;\^ 

chang^e^rleartwood <>f the xylem is reduced with 

and Malus ,umda-lUa het::: d 

tr.tc tl,. w.lh, „n.l Id " paXSl thT 

™.l.,la„cc. The clcr of hc.rtwo.al, in eZd t Jhc ' ,;’'Tr 

lundna. The fact that the heart, ve.alisflin.'LelthZhr^^ 

>S incidental to the formation of the.se siibsfinces ‘ -^^pwood 

r ;h::Z“Z:z sxzt r: 

red,.etp?’rfllt,;;Zls J 

irsZroiiriziiNZZorre “ 

gums, render the wood less nervioii« t,, t , 'cities by tyloses and 
•>y the organisms of deca v^ For t h i '• • .. • subject to attack 

such as the presence of desirable color cw odor 'ofof uthers- 

“ »' '■«- - -ix": h::“z::ziZh:Z‘;' 
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however, is preferred in some woods, as in some grades of quarter-sawed 
oak, and in hickory and ash for tool handles and spokes, tlwing to lack 
of resin, gums, and coloring substances, sapwood is also preferred for pulp 
wood, and for wood to be impregnated with preseiwatives.) 

Apparently, there is no fixed length of functional life in xylem. Ihe 
functional period is controlled by the physiological activity of the tree or 
of the organ or segment of the organ in cpiestion. Young, vigorous 
plants or vigorously growing parts ot older plants have little or no heait- 
wood, whereas slow-growing, weak, and most old trees have a very laige 
proportion of heartwood in stem and root. In old trees the xylem 
remains sapwood but a very few years. In case vigorous growth is 
renewed, a large amount of sapwood is built up by the retention of all 
sapwood as such for many years. All parts of an annual ring are not 
changed into heartwood simultaneously; that is, the outer limit of heart- 
wood bears no relation, necessarily, to the annual rings. Where strongly 
developed roots or branches are present on one side of a trunk, the x> em 
of the segment on that side remains alive long after other parts of t e 


same age have died. 

'^'Relation of Microscopic Structure to Properties and Uses of Wooa. 

The wood of different species varies greatly in its properties and m its 
value for different purposes. Characteristic qualities, and hence speci c 
economic uses, depend largely upon the histological structuie an 
upon the chemical nature of the tissue, ^■ariations in histologica 
structure which affect the properties of wood are chiefly those of the ‘ ’ 
proportion, and arrangement of cells — for example, the presence oi ^ 
absence of fibers and of large vessels and their restricted oi v i espi ' 
distribution; the diameter and the thickness of the wall of ^ . 

length of fibers and the extent to which they overlap other nbers; 
straightness of fibers; the almndance and the width ot the woo ia>S 
t he presence of tvloscs. The amount and the distribution of wood pare - 
chyma seem to bear little relation to the properties of wood. \ ariati 

in the chemical nature of the wood are of the gieatest ^ vnod 

relation to certain ciualities of wood, especially those in which hearty 

diffem from sapwood. The cell wall itself tlv! 

the proportions of cellulose, lignocellulo.se, and lignin i eiin 

Occasionallv, the walls are even gelatinous m nature. ^^e 

may be present in considerable quantities as substances 

cell wall; the luinina may contain vaiious amount o gum , 

i . . 

Weight— The wall substance of woods, either lig ^^.pight arc 

ncarlv the same specific gravity, about 1.53. Varia lo 


ncarlv tne same specnn- - • ,>f liunen space. 

due to variatiuns in the proporfiun of wall substance and of lumen , 
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n iiCTc the latter is small in amount, that is, ivhore tiic .rood is dense it 
IS, of couite heavy. Hence, alaindaneo of slender, tiiick-ivalled lilmis 

.n«kesa,v„o,lheavy,asina™„,, ,,,lig„n„, vitae, ^ 

a Id .l/ofa y„,,„Va (Fig. ,02). Where the nails of all celt arc s^'l te 
Wk and ,he Inmina small, especially rchere the proportion of mmrfi 
igh tlie \\ ood IS heavy, as in Gitaiacum and Diospwo^ felionvl \\ i 

/>opa/»s (Fig 1001 ,„,T tlim-ivallcKl vessels, as in 

ikmigh tiLihr’a^a/r:;-:; :*:::iiy t,,?:" F;f™'''V f 

(It To3/rha 'H.-for cvt,;p',rHdi ;t' 

, bpcciiic giaMty ot wood rangOaS from ahoot n na ( \ i 

nomenc) to aliout 1.4 in black iroinvood {Knu,iodcn,hc^T Ti . ^ -f'. 

\\e -known, commercially impoi tant woods range from 0 35^to'*0 r'-' •' 
to<b84;/<m.nA,,/,h-, 0.()5to0.72- leer (Wiotrvoen. n- ,l - f^aiya, 

0.35 to 0.47* Po7;/////.s* 0 ii ’c • ’ ^ to 0.79; 

of heavy woods are Guaiaewn 1 1 to 1 4 ' ^'^0 toO.42. Ivxamples 

0.8 to 1.3. Among v^iT’w , r .’ »<> '-25; Acana, 

Of these, balsa (Oc/iror«a)," withTspeSk 

structural strength of this wood is high for it; wet IT iV'; l"' • 
there are two types of liahtweitnlir „• i.. .1 • ^ O'^^^elogically 

of thick-walled, lignified cells and tliii^r "li alternating bands 

If the Caricaccac Lp“a .^,1 S , , 

onlsthevcssii-areltilicdth:™^ 

Strength. — The presence of w In.- • ^ a turnip, 

eheids makes a wood strong Hent^ire 

Htrong woods. The length of the fibm-.s and the eS ' T'" 1 "'''^"' ' 
overlap are apparently features of non • ’ ® ^ the ends 

«t.epgth of the wood. as regar.ls the 

Durabihly. Kesi.stance to decav bv llic .mfi r r 

< iependent largely upon the chemical name k tl ‘'^'^teria 

^'alls and of the cell contents It is not r ' 1*1 ^ " ood— of the cell 

-me very light woo.ls with p/n^ 1 ^ to any degree (except 

fenstli, or with structure Thfp." L!:'TTv;"’ and 

<loes, of course, rediicf> tl,n ^•‘at block vessels 
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(example, those ot Sequoia, Caialpa, Cast anea, Robmia, Maclura] and 
other equally light and heavy woods decay rapidly — for example, those 
ol Populus, Tilia, Acer, and Carya. Resistance to decaj^ is not necessaril}" 
correlated with depth ot color, though heartwood is generally more dura- 
ble than sapwood, and, in a general way, the darker the color the greater 
the resistance. This condition results from the fact that depth of color 
often indicates roughly the amount of preservative substances. Dura- 
bility as resistance to mechanical destruction depends upon hardness, 
density, and toughness. 

Other Properties. — Flexible woods are fairly homogeneous and have 
long, straight, strongly overlapping fibers, and linear ra^'s. This type 
ol wood also cleaves readily. Toughness involves strength and pliability, 
and, to a large extent, the interlocking of the fibers. Where the fibers 
are strongly interlocked, the woods can be put to special uses, that of 
I Imus, for example, for hubs and basket splints; of Ostrya, for mallets and 
tool handles. The interlocking of the grain ma^^ be due in part, as in 
Platanus, to the presence of low, proportionately very broad rays around 
which the fibers bend in their course. A\ oods with interlocked fibers and 
uneven texture are not readily ‘Svorkable.” In all properties the propor- 
tion of water present is of much importance. ^ 

^^Penetrability by Preservatives. — The rate of penetration of wood by 
preservatives, such as creosote, is dependent to a large extent upon the 
structure of the wood. Such open channels as vessels and resin ducts 
provide ready access to infiltrating fluids, but the preservation of regions 
about these openings alone is of little value. Penetration through thick 
cell walls can occur only slowly. More rapid penetration through closed 
cells must take place through the pit-pairs, from lumen to lumen, as 
does the passage of water in living tissue. Passage of fluids through the 
pit-pairs during translocation undoubtedly is chiefly through the marginal 
regions of the closing membranes. Upon this movement the structure 
and the behavior of bordered pits have an important bearing. 
living sapwood is immersed in a preservative fluid under pressure, that is, 
where pressure is from all sides, there is little or no peneti’ation; when the 
preservative is applied at one end of a piece of wood with light pies.'^uie, 
penetration is fairly rapid, but with increased pressure it is (piickb cut 
down. The ces.sation of penetration under the higher pressure appeals to 
be due to the closure of the pit-pairs by movement of the tori (Ugs. 
22C and 25C). CJreen timber is only slightly penetrable to pre.ser^ ati\ e-- 
In certain processes such timber is treated under pressure, but the pi^e^ 
servative is not forced into the wood until the green timber has had tje 
water driven out in the treating retort, when it is, ot course, season 
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timber. It is practicable to treat only seasoned timber with preserva- 
tives. Ihe s ructural conditions responsible for the penetiation of 
seas,,ned woo(l by preservatives are not well understood It has been 
ic%ed that micro.scopic checking of the cell walls is responsible for th(‘ 
passage oHfu.ds Irom lumen to lumen, but such checking does not alwav ■ 
Thenit*^”*. ^ ‘'licckmg slits do not pass through the wall (Fig. 27/ A') 

the pit membranes rupture onlv rarelv in drviiur it . i i i ’ 

the differences are due to changed comlitions involvbrsL'rcrten^ 
tapilbnt.v, a,„l tl,,. n,,;,, , , 

tl„» ,,,so the „„e„i„se i„v„lve.l ....oh h ■ ' hTe ' f 

less due to the fact that valve -K.tlone.fti i • '• ^ tils’ i« doubt- 

in late wood is weak or lackina Sam • mt'mtjranes of pit-pairs 

ble than heart wood This i ■ tl ' ponetra- 

tori have becouHtd in 

are often clogge.l with gummy <.r^a!Z;,u^ matiaiar ' 

'T ' v“' " I'-v 

»'>'l itt Iir„„„rti„" ,™„'““e!," “cilO v.^:. ‘"i"' 

appearance of wood, known as nrain i» 

‘•••os.s-grain are largely .self-e,xi,lanatorv termr'%n?"?’ 

7 ^ 7 " '''ho 

'n«»t e.mepi, .'“v*, form the 

iind finer cells, early and l‘ito uvtr 1 . i ' ^‘iyois of eoai'ser 

in many woods, such as those of thVhaiT^^ 

iays when cut lon^ritudinallv as in mdinl !* ' ashes. ood 

'•ally in sections that approi’ich the radial 

"■luch are the more prominent because of the den markings 

t t-e.r tianlency t o take a high polisl,. !.„,,,<. ''“>'« '»'<1 

•sa/iar gram of wood. The nre.sence of il . . ' ' ’ . " form the 

Ki-eal value for furniture and cabinet work.*^' r,'T ’ "t’ 
an undulate course of the cells 'Phi ■ ■ i/>atn is the re.sult of 

<>'■ t--, and i.s frecpient h /feb r ‘‘f 

--nplo. /h7v/’,s.-c,yc is 

niant adventitious buds- these buds ' *• numerous dor- 

"“d '>"i'<iing up we^aa 11, I wii r ’‘‘m' '’-k 

tree trunk increases in iliameter " Vi^nir 

'1- P>*l'-like steles form the 
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a:!;':,:::' 

about the bases somewhat darker than the 

sapwood, often reddish and It occurs on the 

conifers, as in Pseudolsuga, trunks in trees that 

underside of branches an o t ^ ^ compression 

do not stand verticalh . inis +Uo fvpp where compression 

.W bcc.au» of it. CO, Of if 

r'": T'to a irr «„ il tl.c n;™.., «oocl. Histcogicany 

it differs in only ^ cTl-sectional shape, the tracheids 

shorter and perhaps thicke c , qro freouentlv present. 

rL;=,:.r:rr - -- 

matuie a\>n^i xv • i- nirenchyma cells, 

patches of irregularh" arrangec , n ^ “nith ravs’’) in that the}" 

Lembic ,vood fay. Cmclullafy f.y.’ P ,, p»-fay 

con.i.t of pafoachyma; hence they ace ...fth ,ay. 

flecks And as medullary spots. lu, ie> a in 'i-osaceous woods, 

or with the pitti. ine j the 

and also in the wood of Sahx, Acci i ’ mps, but are 

insects causing the injury apparen y j nd trunk, forming 

chiefly Diptcra. The larvae Viore along the b* The 

tunnels downward through the cambium oi t „nrrounding cells. 

cavHy so formed is soon filleil by the f 

The cambium, if injured, is replaced, am gion i is ^ ^ 

burving the strands of wound tissue in normal ^"^.^^nmic value 

.ninof importance to the free l».t g'f 

f tvnnd MS in .4 rcr and Trmu/s. (1 ith-ia> nci-ivs . , 

sometimes explained as normal features f deserves 

Gummosis.— Another pathological condit , g injuries 

brief mention because of its frequent occurrence As a .„g, 

ol various tvpes which bring about exposure of to^sj 

the wall of cells around the injured region are tra grst 

. ?he t ransf ormat ion appears to be the result of enzym ^,^11. 

■ ' affects the middle lamella and may ultimatelj ffo.vn, or become 

SiL affected by gummosis may be only partly the 

completely transformed into a mass of gu 
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lumina of the affected cells, entering from the pits or may be exuded 
from the tissue. Gummosis is common in woody plants, being extensive 
after insect and other injuiy in such plants as cherry, peach, and acacia. 
It perhaps occurs in the xylem of many plants as a response to injury or 
diseased conditions, and may incidentally protect tissues from further 

injury. 
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CHAPTER VIII 

SECONDARY PHLOEM 


In the preceding chapter consideration is given to those secondar}^ 
tissues formed by the cambium toward the inside of the stele and known 
as secondary xylem, or wood. The present chapter deals with the 
analogous tissues formed by the cambium toward the outside of the stele, 
the secoTidany phloem. The terms ‘'inner bark’' and “bast” have been 
used by various authors to indicate these tissues, but these terms are 
not specific enough to be valuable in technical usage. The terminology 
used in the description of phloem structure is given in Chap. l\ ; part of 

that terminology and description is repeated here for completeness of 
discussion. 

Extent and Amount of Secondary Phloem. — The extent and the 
amount of the secondary phloem depend upon the type of plant and upon 
the age of the part in (juestion. The distribution of secondary phloem 
is, of course, controlled by that of the cambium. Hence, this tissue in 


its entirety may form a layer over all parts of the plant axis except the 
tips and may extend outward in the leaf traces into the larger veins of 
the leaf. In herbaceous stems, particularly those in which the vascular 
tissue is reduced and the stele broken, it may comprise bands or strips of 
tissue which, as seen in cross sections of the stele, appear as isolated 
groups of cells between the cambium and the pericycle (Fig. 11L4,R). 
In such forms the tissue is radially thin, so that the total amount of such 
phloem is small. On the other hand, in a woody plant of considerable 
age, all the thick layer of tissue outside the cambium may be phloem, 
living and dead, combined with varying amounts of periderm. Between 
these extremes are all gradations. Normally, the amount of secondary 
phloem is less than the amount of secondary xylem, both in the space 
occupied and in the number of cells formed. In woody plants this dif- 
ference in amount is exaggerated, not only because the older phloem 
becomes crushed, but also because the dead outer layers of phloem are 
actually lost either by weathering or b}^ abscission. 

Importance of Secondary Phloem.— The special importance of the 
secondary phloem is that, in the majority of cases in the dicotyledons and 
the gymnosiKM-ms, it very soon replaces the primary phloem which 
becomes crushed and functionless. This is particularly true of the woody 
plants in which secondary thickening is initiated close to the growing 
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point and soon crushes the delicate primary phloem tissue. In fact, in 
such plants, the existence of the conducting cells of the primary phloem 
as functioning tissue is of such short duration that it is difficult to study. 
It appears in transverse sections of young twigs as obscure lines of 
crushed, thin walls and wall substance that have lost all semblance of 
their original cell form and structure. In some herbaceous dicotyledons 
this obliteration of the primary phloem is not so complete or, as in the 
potato plant, does not occur. In monocot^dedons that have secondary 
thickening, the primary tissues remain intact. In general, however, in 
plants where secondaiy thickening takes place, the secondar}^ phloem is 
the only phloem which is functionall}^ important over any considerable 
length of time. The development of this tissue by the cambium provides 
for its constant renewal, a necessarv feature since even secondary phloem 
is ot short duration as a functioning tissue. 

•^Structure of Secondary Phloem. — Considered as a whole, secondary 
phloem is a complex tissue made up of a number of cell types, all of which 
have a common origin in the cambium. It does not differ fundamentally 
from the primary j^hloem as the same types of cells occur in both. The 
secondaiy phloem, however, in comparison with the primary phloem of 
the same species, usually has a more regular arrangement of cells m 
radial rows, a highoi- proportion of sieve tubes which are larger and ha^e 
thicker walls, sliorter sieve-tube elements and fibers, and a longer func 
tioning life. The elements which arc normally present in secondan 
phloem are sieve ccdls or sieve tubes; companion cells, which accompan} 
sieve tubes in the angiosperms; parenchyma cells of one or more types> 
phloem-ra}" cells. Usually some type of sclerenchyma is also present, 
and, less commonlv, secretorv cells, latiferous ducts, and resin can 
The arrangement and the proportion of cells of the different types 's . 
greatly in different species. 

Sieve Cells and Sieve Tubes. — Sieve cells and sieve tubes (Fig. 52) are 
the characteristic elements in all secondaiy phloem from the stanup 
])oth of structure and of function. Sieve cells are characteristic of 
nosperms. They are separate and distinct cells, in this respect resem 
tracheids. Sieve tubes are characteristic of angiosperms. They 
series of sieve-tube elements attached end to end with certain sieve 
more highly specialized than others. The sieve tubes of the secon a 
phloem of dicotyledons are of many different types with respect to ^ 
shape and nature of the end and side walls. In many woody spec 
such as Cary a eordiformis (Fig. 109/i), the oblique end walls of the 
tube elements frequently extend for nearly half the lengtn of the e 
These oblique walls have many specialized sieve areas which 
form cou\poiind sieve plates. Sieve plates of this type ai(‘ mostly c 
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to the radial walls and thus connect cells of the same functioning stage. 
Thither extreme of variation is the type found in Rohyiia (Fig. 109C’), 
Madura and some species of Ulmus (Fig. HOC), in which the terminal’ 
walls of the sieve-tube elements aie transverse. Here there is a single 
specialized sieve area. Such, an end wall forms a simple sieve plate. 
Between these two e.xtreme types is a series of intergrading forms, 
one type is predominant -in the woody angiosperms; even closeh’ related 
species, as those 6i Pmxim is, may have markedly different types. In 
the majority of species, the sieve-tube elements of the secondary' phloem 

plants have simple sieve ])lates (Fig. 11 1C); where 
confound sieve plates occur, they are not of the extreme U’pe found in 
the Juglandaceae. The sieve tubes of seedlings and of the ])hloem formed 
m the first few years in woody twigs are of lelatively small size with few 

compound sieve plates. In a given species, the type of siiue iilate is 
usually constant in tissues of the same age. 

The proportion and arrangement of .sieve cells and sie\e tubes in 
secondary phloem vary greatly in different species. In the gvmnospc'rms 
the sieve cells may make up the greater part of the phloem ; parenchyma 
and sclerenchyma occur in small amounts. On the other hand, in 
most herbaceous plants, in seedlings, in young twigs of woodv iila’nts, 
and in the mature secondary phloem of some woodv plants, for examtile’ 
tarya cordiformis (Fig. 107C) and Dirca palustris, the proportion of 
sieve tubes may be much smaller than tliat of the otlu'r cell types, 
hieve tubes also show great variety in airangement with respect to other 
cell types in secondary phloem. In some plants, such as Liriodendron 

( ig. 108^1), Juglans, and Tilin, they occur in more or less delinite ^ 
tangential rows or bands; in others, such as Carya (Fig. 107C), they are " 
m somewhat isolated groups of three or four surrounded by’ fibers' or 
o her types of cells. In Cephalanthus (Fig. 1()7C), the sieve tubes form, 
m cross sections of the phloem, radial rows which are freiiuently inter- 
rupted by fibers, a condition not uncommon in shrubs which approach 
the herbaceous type. In fact, in woody plants, almost any arrangement 
« sieve tubes or sieve cells with parenchyma and sclerenchyma mav 
occur. In the secondaiy phloem of herbaceous plants gencrallv sie've 

elf®® regularity of arrangement (Fig. 111.1,/^), altho’ugh in 

teitain groups, such as the Ranales, there may be a definite plan. 

e lateral walls of sieve-tube elements that abut uiioii other sieve 
lattlirrFT‘'T 9 l/l ‘^«''ered with pronounced 

genera. The presence of well-marked lattices is not (airndated will, 
^■eve-tube type as classified on the basis of the angle of the end wall; 
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Fig. Ill . — Secondary phloem in lierbaccous stems. A. Pisum, transverse » 
showing primary pliloom criishecl; B, C, Hibiscus esculent us: B, traiisvoist* section > 
comi)anioii colls (with pi otf)plasinic contents); (\ radial section showing sieve rtesy 

transverse end walls and several companion cells associated with each siev'e tube. { ou 
of E. F. anfi E Artschiroffer./ 
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lattices may occur in any type. The sieve tubes of the secondary phloem 
of herbaceous plants are usually without promiiu'iit lattices. 

Companion Cells, — Companion cells (Fig. 52//,/,/.S,7’) are absent in 
gymnosperms but are probably present in greater or less abundance in 
angiosperms of all types. In some plants, such as J uglatis and Solanuni, 
they accompany only a part of the sieve tubes; in others, for example, 
Tilia^ from one to three companion cells are seen in cross section with 
every sieve tube. A companion cell may extend the entire length of the 
sieve-tube element to which it is adjacent or only part way, or several 
shorter cells may extend along the sieve-tube element, the series occupy- 
ing the full length of the element or only a part of it (Fig. 11 1C). As 
seen in transverse section, therefore, a sieve tube may have no companion 
cell or one to several, each of which in turn may be a member of a vertical 
series of companion cells. Ordinarily, companion cells can be most 
readily identified in transverse sections of the phloem by their appearance 
as small, triangular or rounded cells apparently located in the corners of 
the sieve tubes (Fig. 107A), the two kinds of cells together outlining the 
mother cell from which the}^ have been derived. In some plants, com- 
panion cells may extend as narrow cells across the entire width of the 
sieve tube. In the secondary phloem of herbaceous plants, where the 
vascular cylinder is well developed, as in Lobelia and Solanum, they are 
frequently difficult to recognize because of the small size of all phloem 
elements in this type of plant. In plants with less well-developed vascu- 
la.r cylinders, such as C iicurbita and Ranunculas, the companion cells are 
distinct and large enough to be easily recognized. Companion cells 
show no great diversity of type, varying chiefly in length. 

f*hloem Parenchyma. — Parenchyma cells are found in the secondary 
phloem of all plants (except extreme herbaceous types where secondary 
phloem is small in amount), some vines, and woody forms of some genera 
^rid families which are predominantly herbaceous. The proportion of 
parenchyma varies through wide limits. In the gymnosperms, parench3mia 
cells are relatively few in comparison with the number of sieve cells, a 
condition fairl^^ constant in all species. In the angiosperms, however, 
there is great diversity. The secondaiy phloem of the seedlings and of 
the younger twigs of woodv dicotyledons is largely composed of paren- 
chyma, but in the more mature condition the proportion of these cells is 
^uch smaller. In some plants, for example, Canja and Robiyiia^ there 
are few parenchyma cells in the secondary phloem of the older stems; in 
ethers, such as species of Corn us, parenchyma may predominate. In her- 
baceous dicotyledons, the proportion of parenchyma is usually smaller — 
frequently much smaller — than that of sieve tubes and companion cells. 
In many of the Compositae, the proportion of parenchyma is larger. In 
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some families, such as the Ranunculaceae, and in certain genera in other 
families, no parenchyma is present, the phloem consisting wholly of sieve 
tubes and companion cells. 

The arrangement of the parenchyma in secondary phloem varies as 
does that of the sieve tubes. As seen in cross sections of phloem, paren- 
chyma may occur in tangential bands alternating with bands of sieve 
tubes and fibers, as in Liriodendron (Fig. 108A) and Tilia; in radial rows, 
as in Corn us and Sambucus; singly or in groups of a few cells, as in Pinas; 
or more or less definitely clustered about the sieve tubes, as in Carya 
(Fig. 107/)). In longitudinal section, the cells are seen to form veHical 
series parallel with the sieve tubes (Fig. 109C, D). 

The types^ of cells constituting the parenchyma of secondary phloem 
show considerable diversity. This can be most readily understood by a 
consideration of the development of these elements from the cambium 
(Chap. VI). Briefly stated, phloem parench^^ma cells are formed 
directly from parench^^ma mother cells, which, in turn, are formed from 
cambial cells. The cambial derivative may develop directly into a 
parenchyma cell or, as is more commonly the case, di^ddes transversely, 
forming two or more cells. Phloem parenchyma cells, therefore, as seen 
in longitudinal section, may be elongated and pointed at both ends, 
resembling the cambial cell from which they were derived, or the}" may 
be rectangular or cylindrical, ranging from very elongate to short C3din- 
drical or nearly cubical. The former, sometimes called cambiform cells, 
are not commonly found in the secondaiy phloem of woody plants, but 
rather generally in primary phloem, in herbaceous types, and especial!} 
in vines such as Cucurbita. Parenchyma cells formed b}" the transveise 
division of the parenchyma mother cell are common in the secondai} 
phloem of all types of plants. The end cells resulting from such division 

remain pointed at one end. 

In many woody angiosperms two or more types of phloem parench3'ma. 
distinct in form and function, are often found in the same tissue. 

Tilia americanaj for example, one t3"pe of parench3'ma cell is elongate, 
heavily pitted, and usual I3" associated with the sieve tubes; the othei is 
short and broad, apparentl}" without an active protoplast, and ' 

contains large ciystals. In other wood}' plants, such as RobmiOj t e 
parench3'ma cells are uniforml}' short and broad with thin walls anc 
abundant pits. The secondaiy phloem parench3^ma of herbaceous plan 
does not show the diversit}" of t3^pe shown in the wood}" plants. Foi ^ 
most part, its cells are thin-walled and elongate, rectangular or roiin ec 


in cross section (Fig. 111A,C). . 

Phloem Fibers and Selereids . — Selerenchyma of one type or 
a eharacteristic feature of the secondai'y phloem of many plants. ^1 ^ 
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ar6 conunon and occur in a variety of form and arrangement. Kre- 

quently, they occur’ in definite tangential bands, for example, in Lirioden- 

dron (Fig. 108^1 ) and Populus. In other genera they are found singly, as 

in Cephalanthus (Fig. 107C). In some woody plants which have a hard, 

tough bark, as in Carya (Fig. 107Z)), the fibers make up the greater 

part of the secondary phloem and may nearly surround the groups 

of softer tissues. When abundant, they provide considerable mechanical 

support for the stem. In Dirca, the twigs owe their toughness largely to 
the phloem fibers. 

In the gymnosperms, all conditions are found from a complete lack 
of sclerenchyma, as in the phloem of Pinus Sirobus, to well-developed 
tangential bands of fibers, as in .7 unipcrus, and large masses of sclereids 
as in Tsuga. In Thuja occidcnlaHs the fillers are airanged in uniseriate 
tangential rows which alternate with rows of sieve cells and parenchyma. 

Sclereids frequenth^ occur in secondaiy phloem either alone or in com- 
bination with fibers. In some plants, for example, Plalanus and Fagus, 
sclereids are the only type of sclerenchyma present in the phloem. In 
active phloem, sclereids are not generally so abundant as fibers, but, as 
the phloem loses its conducting function, the sclereids often increase in 
number by transtormation ot parenchyma cells. In the older, living 
but probably nonconducting phloem of the woody jdants, they may be 
abundant and present a great variety of form and arrangement. The 

occurrence of sclereids in phloem is further discussed in the consideration 
of the obliteration of this tissue. 

Phloem Rays . — In vascular tissues formed by the cambium, rays are 
usually present. Only in reduced herbaceous types and in some special- 
ized vines, such as Clematis, where secondary tissues are small in amount, 
are true vascular rays lacking, \-ascuiar rays are initiated in the cam- 
bium and develop on the inside and the outside with the secondary .xylem 
and the .secondary phloem of which they are a part. The diversity of 
ype of vascular rays m secondary phloem is, therefore, as great as is that 
ot the rays in secondary xylem. The phloem rays vary in width and 
eight, as do the xylem rays, and make up the same proportion of the 
issue. ley may be one cell wide, as in Castanea and Salix (Fig lOOZ)") • 
two or three cells wi<le, as in Malus pumila; or several to many cells 

wi^h^T" (Fig. 1()87>); or rays of various 

udths may exist m a single species. In the oaks there are two types of 

Ire ’oTTinir''' " U r":l Usually, the phloem rays 

,r’uu " 1 ‘fib throughout their extent. They may increase ii' 

o'r iiHuea.se being due to the multiplication of the cells 

or to the increase m size of cells toward the outer end of the ray 'riiis 

piovides in part for the necessary adjustment to the increase iii circum- 
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ferential extent of the phloem caused by the increase in the diameter of 
the axis. Phloem rays enlarging distall}'' are especially prominent in 
twigs of certain genera, such as Tilia. The vertical extent of the ray in 
the phloem is as varied as its width, ranging from that of two or three 
cells, as in Thi/ja, to 8 to 10 cm, as in the broad rays of the oaks. Rays 
consisting of a single row of cells occasional!}^ occur. Marginal cells, 
different in form, pitting, and content from the other ray cells, but paren- 
chymatous, are found in some plants, as in Salix and Nyssa, 

The abundance of rays is, in part, related to size. Broad rays are 
spaced farther apart than are those of the narrow type. In woody plants 
that in structure approach the herbaceous type, as, for example, Cep- 
halanthus, the rays as seen in transverse section of the phloem (Fig. 107C) 
are separated by only one or two rows of sieve tubes or parenchyma. 
With the exception of the large rays found in some families, herbaceous 
plants are characterized by uniseriate rays spaced at short intervals. In 
herbs with reduced vascular tissue, the vascular rays have in evolutionary 
development been reduced and have disappeared in some forms. 

Phloem ray cells are for the most part of uniform type. In woody 
plants, the common form, as seen in cross section, is rectangular and 
radially elongated. In semiherbaceous and herbaceous plants the cells 
tend to become cubical or globose. Transitional forms are frequently 
seen in shrubs, such as CephalanthuSy and in ‘Svoody’’ herbs, such as 
Agrimonia and Potcntilla. In such plants phloem ray cells closely 
resemble phloem parenchyma and can only be distinguished from the 
latter by a study of the series of cells back to the cambium and to the 
rays of the xylem. All phloem ray cells are parenchymatous with actn e 
protoplasts. With age, many of them l)ocome sclereids. 

A special tvpe of ray cell is the so-called albuminous cell ot the g}ni 
nosperms. These albuminous cells are situated at the upper and lovei 
margins of the phloem rays and differ from the ordinary ray cells hot i 
structural! V and functionallv. Structurallv they ditler Irom oidinai} 

» V V • * 

ray cells in that they are joined directly with the sieve cells b} 
areas, are of much greater vertical diameter than the normal ia\ ce > 
and do not contain starch. They are closely related to the sic^ c cc ^ 
in their development and retain their protoplasts only as long as t ic 
sieve cells with which they are connected tunction. (Ray cells adjacen 
to them remain alive as long as does the surrounding tissue.) At 
time that callus pads form within the albuminous cells over the 
lik<^ connections with sieve cells, similar pads cover the sie\t 
in the sieve cells themselves. Functionally, they are apparentl} m ^ 
mat(4y connected with the siev(‘ cells; it is believed that 
function much as do companion cells in the angiosperms. In sinn an . 
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of position and difterence in iunction from other ray cells albuminous 
cells are like the marginal ra^" trachoids of the xylem. (ells suggestive* 
of albuminous cells in appearance and position are found in the phloem 
rays of some woody dicotyledons, such as Nyssa and Cornus; these are 
not, however, the functional eeiuivalents of such cells. 

Seasonal Rings in Secondary Phloem . — As has been previously stated, 
the secondary phloem tissues are frecpiently arranged in definite tan- 
gential bands. Such layers of tissue often have the appearance of annual 
rings. These ring-like Imnds do not, however, have such definite seasonal 
limits as do those of the secondary xylem, because there is no sharp 
distinction between the phloem cells formed in the early part and those 
in the late part of the growing season comparable to the difference 
between early wood and late wood. Further, the last xylem cells formed 
in a season from the cambium become fully mature and lignified before 


growth ceases. On the phloem side of the cambium, on the other hand, 
at the end of the growing season there are usually several rows of cells 
that have not completel}^ differentiated, but which remain dormant until 
growth is renewed, when they mature to form normal tissue. Therefore, 
no line can usually be drawn between the cells formed in two consecutive 
seasons. Seasonal formation of sclerenchyma bands may exist, but it is 
not knovTi that there is any constancy in such growth. In fact, the 
number and width of these bands of sclerenchyma is apparently depend- 


ent upon environmental factors and vigor of growth. In tropical plants, 
new layers of phloem as well as of xylem are formed with each ''flush or 
period of new growth; these have, in general, no distinctness strictly 
comparable with the annual rings of temperate-zone plants. 

Function of Secondary Phloem. — The function of the secondary 
phloem is, in general, that already discussed in Chap. lY as that of phloem 
as a whole. From the standpoint of function, the secondary phloem is 
a complex tissue with most of its parts interrelated in a definite manner. 
The sieve tubes, sieve cells, companion cells, and some parenchyma cells 
are structurally adapted to vertical conduction, whereas the phloem rays 
provide a means of horizontal conduction to and from the xylem and 
cambium. In gymnosperms, sieve cells are ordinarily pitted heavily 
only with other sieve cells and albuminous cells; in dicotyledons, sieve 
tubes are ordinarily pitted heavily only with other sieve tubes and with 
companion cells. Ihe different types of parenchyma concerned with 
conduction frequently lie adjacent to the sieve tubes, from which they 
are separated by only a thin wall. These parenchyma cells are not, how- 
ever, conspicuously pitted with the sieve tubes or with the companion 
cells, although they are usually lieavily pitted with each other upon both 
radial and transverse walls. In some woody plants, for example, Cas- 
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ianea and Cornus^ the pits in these cells are clustered in a way that 
strongly suggests sieve areas (Fig. HOD). Phloem ray cells are fre- 
quently pitted with parenchj^ma of this type. Taken as a whole, 
phloem has to do with the conduction of elaborated food products, both 
protein and carbohydrate, and possibly with mineral nutrients as well. 
Just which substances, however, move in the sieve tubes and which in 
the parenchyma is not known. From the fact that the proportion of 
such parenchyma to sieve tubes and sieve cells shows such great variation, 
that its pitting may be sieve-area-like, and that sieve tubes are few or 
sometimes possil)ly lacking, as in slender vascular bundles in leaves and 
in primary phloem of some woodv plants, it may be inferred that paren- 
chyma under some conditions may perform the functions of sieve tubes or 
that the functions of the two types of cells ma}^ be interchangeable. 

Another function of the phloem parenchyma is storage of crystals, 
starch, and various organic materials. Such storage occurs in specialized 
parenchyma cells which differ from the heavily pitted parenchyma cells 
in being usually of rather large diameter with inconspicuous pits. Phloem 
ray cells are often packed with starch during the dormant season. This 
is especially true in roots where the phloem rays are usually relatively 
large. The abundance of this type of parenchyma in roots seems to be 
correlated with a small amount or absence of sclcrenchyma. Paren- 
chyma cells storing crystals lie usually close to fibers, where they ma} 
form extensive rows and even ensheathe the strands of fibers. Special- 
ized parenchyma cells containing various secretions occur abundantly m 
the secondary phloem of some plants (Fig. HID), both in the vertical 

system and in the rays. 

Cessation of Function of the Phloem . — The length of the functioning 
life of the secondary phloem, at least that of the sieve cells, sieve tubes, 
and companion cells, is brief as compared with that of secondary xylem. 
In manv woodv plants the sieve tubes and sieve cells function foi a 
single season or less, and in some tropical trees for a single ‘mush o 
growth. In other species, and frequently in roots, these cells may ^ 
active over a longer period, though probably rarely more than two years. 
The phloem parenchyma and the phloem ray cells — other than the 
ginal albuminous cells of the gymnosperms — commonly remain ali^ e an 
apparentl}^ in normal condition long after the sieve tubes have lost t en 
protoplasts. The cessation of function in the secondaiy phloem is i^ 
some w'ays comparable to the formation of heartw ood in the x\ lem excep 
that the phloem is being continually stretched, crushed, and 
circumferential increase and the pressure of cambial giowth, anc 
its outer layers are lost by weathering and exfoliation. Ihe cessation 
activitv of the entire tissue appears to be gradual, becoming comp e 
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only when periderm layers have formed within it, depriving all cells of 
food and water supply from the tissues within. 

The exact time of loss of function by the sieve tubes and sieve cells 
is in doubt. It is generally believed that these cells function from the 
time of disappearance of the nucleus until the protoplast is lost. The 
opinion has been expressed that the functional life of the sieve tube or 
sieve cell ends with the disintegration of the nucleus, but the preponder- 
ance of evidence does not support this view. 

Closely tied up with the functioning life of the sieve tube is the 
formation of the callus pads over the sieve plates. In many plants these 
are deposited at the end of the growing season, thus occluding the sieve 
tube while the plant is dormant; with the resumption of growth in the 
spring, the pads are dissolved, and the sieve tubes again become func- 
tional. In other plants, particularly in herbaceous forms, however, the 

plugging of the sieve pores with callus marks the permanent cessation of 
function of the cell. 


The disappearance of the protoplasts of the sieve tubes and companion 
cells certainly indicates loss of function in these cells. In man}^ genera, 
for example, in Robinia, Qucrcus, and Piyrus, this is accompanied by, or 
followed by, the crushing and flattening of the sieve tubes. This cell 
destruction — collapse of radial walls and obliteration of lumina — is 


caused by the pressure of the growing tissues beneath upon unlignified, 
empty cells. The crushing of the sieve tubes may be so complete that 
a group or layer of such cells is represented only by an irregular band of 
stiuctureless wall substance. In some genera even this is quickly 
removed by absorption. This crushing and removal of the sieve tubes 
IS commonly spoken of as the ohliteralion of these cells. 

dormant phloem of many plants, such as Pinus Strobus, 
onnia Pseudo- Acacia, and Clematis virginiana, there is only a narrow 
^and of tissue with intact sieve tubes. Outside of this region all sieve 
lubes are functionless and crushed. There may even be no mature sieve 
U)es^that are uncrushed (Fig. llOi?). In other plants, such as Tilia 
and Populus, the sieve tubes may not be crushed for a considerable dis- 
ance from the cambium, but all those not close to the cambium have 
ust their contents and thus apparently have ceased to function. In 
^ Cl plants, for example, Salix, the sieve tubes are not crushed at any 
ime ut remain normal in size and shape even after the formation of 
peri erm layers which cut them off from the living tissues beneath. It 

as ^ ^ tubes in woody dicotyledons become lignified 

^e p 1 oem grows old as do many of the surrounding parenchyma cells. 

in * ^ junges which take place in phloem as it ages show great diversity 

niinoi ( etails in different spec.ies but, in general, involve approximately 
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the same phenomena. Simultaneously with, or following, the death of 
the sieve tubes, lignification of many or all phloem parenchyma and ray 
cells may occur. Druses and other crystals are formed in great numbers, 
both in parenchyma and in the newly formed sclerenchyma. In many 
plants the crystals form in thin-walled parenchyma, which lies beside 
and often ensheathes the fibers (Fig. ^N). Additional gums, tannin, and 
resins may be deposited in the parenchyma at this time. In annual 
herbaceous stems, the secondary phloem probably remains functional 
throughout the life of the stem or, at least, until the maturation of the 
seed. Few changes occur in such tissue, although in certain Compositae 
the phloem parenchyma becomes lignified toward the end of the growing 
season. 

The manner and the extent of sclerification in the outer secondary 
phloem are varied. In such woody plants as Fagus and Platamjs, nearly 
all cells, with the exception of sieve tubes and companion cells, become 
transformed into sclereids, and the ])ark is, consequently^ very hard but 
not tough. Fillers in these genera are few or wanting. i\Iany trees, tor 
example, Qucrcus, show a mixture of sclereids and fibers in old secondary 
phloem. Phloem rays frequently become lignified at their outer ends, 
that is, as the cells become old. In the oak, the cells of the broad phloem 
rays become ligniiicd when still young and close to the cambium. In 
Jiiglans and many other genera, no sclereids are formed; the outer phloem 
consists largely of fibers. The increase in the proportion of sclerenchyma 
in the outer phloem of some species is in part only apparent and is due 
to the collapse of the softer tissues, rather than to the lignification of 
additional cells. 

Economic Value of Secondary Phloem. — Fibers of secondary phloem 
were formerly used commercially to a considerable extent and are still 
of some importance. The secondary phloem of various trees and shrubs 
of the Malvaceae, Tiliaceae, Moraceae, etc., has provided ‘^bast oi 
“bast fibers” (C'hap. I\ ) for economic purposes for centuries. I he tapa 
cloth of the tropical Pacific Islands is composed chiefly of phloem fibeis. 
Other uses of phloem are as a source of tannin, as in oak, chestnut, an( 
hemlock bark, and, together with the cortex, as a source of some spues 
and drugs, for example, cinnamon and quinine. Secretory canals aie 
often abundant in phloem, and the secretions may be of much economic 
value, as are rubber, which is obtained from the latex of //c/’cn am 
oth(‘r geiK'ra; and various i*esins, such as kauri gum, obtained liom 

Agathis, and spruce gum, from Ficni. 
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CHAPTER IX 

PERIDERM AND ABSCISSION 

PERIDERM 


The piotection of living tissues from desiccation is characteristic of 
all plants except submersed aquatics. In plants with primary growth 
onl\ , such pi otection is usuall}^ given by the cuticle and the cutinization 
of the epidei mis or possibly the hypodermis or outer cortex, as described 
in Chap. II. In plants with secondary growth there is an adjustment of 
the epidei mal, cortical, and phloem tissues to the resulting increase in 
diametei , oi, vhen any of these outer layers are ruptured, new protective 
la^^eis aiise that prevent desiccation. In herbaceous types, generally, 
and in some woody plants, the formation of new cells by radial division, 
and the inciease in size of the cells are the means of adjustment to an 
increasing diameter. T.he cells of the outer primaiy regions in her- 
baceous plants often do not lose their capacit}^ for division until the axis 
has attained approximately mature size, and cell division in these regions 
in uood}’' plants may continue for a ^’■ear or longer, for example, in 
species of Acer and Cornus. In the older stems and roots of most woody 
plants, however, secondary growth is followed b}^ the rupture and death 

of the outer tissues and the formation of a new protective layer known 
as the peridern}. 

Structure of the Periderm. — The periderm commonly consists of 
thiee la^^ers of tissue: the initiating la3'er of meristematic cells known as 
the phclloijcn, or cork cambium; the la^^er of cells formed by this meristem 
toward the outside, the phellenij or cork; and usualh^ a hwer formed 
toward the inside, the phelloderm (Fig. 112A). 

^ Phellogen. — The phellogen is an excellent example of a secondaiy 
meristem in that it arises from living cells that have become permanent, 
that is, the}^ have differentiated and are mature epidermal, cortical, or 
phloem cells. It is a lateral meristem, in that it increases the diameter 
of the axis, cutting off cells on the tangential face for the most part in 
much the same wa^^ as does the true cambium. In shape, the phellogen 
cells show little variation. As seen in tangential section, the}' appear 
pol^'gonal and more or less isodiametric, except in a few special plants; m 
transverse section they appear rectangular and radially flattened (Fig. 
\\2A Except in the lenticels, intercellular spaces are lacking. 
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In the formation of a phellogen layer, mature living cells become 
menstematic and form a continuous uniseriate layer of initials. This 
menstematic activity always occurs in epidermal, cortical, or other 
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./l, B , C, cross sections of superficial lavpr* D f? j i. , 

A, in twig of Populus deltoides' tfie nhollrk* * * ^^nd radial 

most cortical cells, and has formed four lavers of P arose in the outer- 

the phellem is capped by the dead, tannin-filled epiderma? cTlU pJmlloderm; 

Dxdcamara: the phellogen aio.se in the epidermis, Uie outer halves of Vl Solarium 

have become typical phellem cells; they are caonod hv tl,« * epidermal cells 

been formed. C. in fruit of Malus purnila; the outer cells are readilv ^’ has 

becoming “scurfy.” Z>, E, in secondarv nhloom rtf Qn/v n ^ loosened, the periderm 

derm cells are somewhat irregularly arranged. ^ * The phello- 


parenchymatous tissue where livine: cells are i j 

extent. When the fotm.t.nn „f . phelloKen i, .bnnt to take pf.c" in 
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epidermal cells, the protoplasts lose their central vacuoles and the cyto- 
plasm increases in amount' and becomes more richly granular. After 
the formation of this initial layer, tangential, and, to a lesser extent, 
radial division takes place, much in the sarhe manner as does division in 
the true cambium. - The derivative cells are normall}^ arranged in radial 
rows, the cells of the-phelloderrh being less markedly so than those of the 
phellem.- In periderm, the number of fangeritial rows of undifferentiated 
cells present at any one time during the^period of activity of the phellogen 
is usually much less than the number of similar rows in the cambium 
zone during the growth period'of the cambium. In fact, in periderm the 
only immature cells to be found are frequently the row of initials, the 
cells formed by this meristem having all matured before further division 
of the phellogen. 

In the ratio of the number of cork cells to phelloderm cells formed by 
the phellogen, considerable diversity is shown in different plants. Clener- 
ally, several to many times as many cells are cut off toward the outside 
(phellem) as toward the inside (phelloderm). Phelloderm cells may be 
few or none; rarely, phelloderm is greater in amount than the phellem. 
In the cork oak, Quercus suher, and in plants with corky-winged stems, 
such as species of Kuomjmus, Liquidambar, and Ubnus, the phellogen 
forms great numbers of soft cork cells and relatively little phelloderm. 

^ Phellem . — The cells constituting phellem, commonl}^ known as coik 
cells, are like the cork cambium cells from which they are cut off. I hey 
are uniform in shape — poh^gonal, as seen in tangential section, and 
often radially thin as seen in transverse sections of the stem (Fig. 113). 
In the maturing of phellogen derivatives there is no complicated diftei- 
entiation comparable with that which occurs in the formation of vasculai 
tissues. In shape, the cells of some types of thin-walled cork may • 
radially elongated, as in commercial cork (Fig. 1 in the superficia 

persistent periderm of plants like Betula and Prurius, the cork cells aic 
conspicuously elongated tangentially (Fig. \\3D,F). Cork cells lac' 
intercellular spaces. 

Mature cork cells are nonliving and usually appear to be without pits- 
Where pits have been reported, they are desci ibed as in the inner cellulose 
layer (that next the lumen) only, a condition possibly related to t 
translocation of materials in the tormation of the suberin lamella. 

A number of different types ot cork cells occur. Of the t^^o comnioi 

types, in one the cells are Ihin-wallc'd, empty, and radially 
making up a light tissue of the ])ot tie-cork type; in the other the (cl s a 
thick-walled and radially thin with tlu' lumen filled with daik-stain 
material of a resinous or t aiinitcuous naturt*. 1 h('se two types ina\ 
found in diflerent plants or in alt (‘mat ing bands in the same P 
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for example in Betula (Fig. 1137), A',. Jt i.s because of thi.s alternate 
formation of thick-walled and thin-ualled cells and the ea.se of rupture of 
the latter, that birch periderm splits into thin papery sheets. Rarely, 
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suberized; next to the primaiy wall, a thick median suberized layer of 
the secondary wall called the suberin lamella; and next to the lumen the 
thin inner cellulosic layer of the secondary wall, which in some plants is 
lignified. In thin-walled cork the inner, cellulose layer is absent. Often 
the various layers are not readily seen. The substance suberin, which is 

% V ' 

believed to make up the suberin lamella, is similar in its properties to 
cut in, in that both are highl}^ impervious to gases and water, are highly 
refractive as seen under the microscope, and resist the action of acids. 
Corlc tissue in some few species, notabl}^ Qucrcus subci', is elastic to a high 
degree, this (pialit}" depending in part upon the elasticit}^ of the cell walls 
themselves and in part upon a change in the shape of the cells as the 



A B C 

Fig. 114. — Pcridcrin in tlie potato tuber (var. Irish cobbler). .1, B, cross 
outer part of youiipj tuber, showing origin of x^eriderni: .4. two phellogen layers arising, o 
in the epidermis, one in the subepiderrnal laj'er; B, the inner phellogen dividing, the ou ^ 
not developing. C, cross section of outer part of mature tuber showing thick phe en . 
{After Artschwager.) 


stretching takes place. In the majority of plants, however, the coi 
tissue is both inextensible and inelastic. The prevention of water loss b} 
the periderm is secured by the suberization of cell walls and compact 
arrangement of the cork cells. 

w Phellodcrm.—T\\G cells of the phelloderm are living cells with cellulose 
walls. They are more or less loosely arranged and in most plants, u 
not differ from adjacent cortical cells except in their more or less defim 

arrangement in radial rows (Fig. 112.4). In some species the\ functio 

in photosynthesis and in starch storage. Thej" are pitted like j 
parenchyma cells. Sclereids and other specialized cells occasiona 
occur in phelloderm. The term “secondary cortex is sometimes 
to phelloderm, but is more often applied to periderm as a whole, 
basis for the latter use is that as a protective layer it is a cortex m 
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physiological sense. Since the periderm commonly develops secondarily 

m phloem, however, the term “cortex” cannot logically be applied to it. 

the u.se of the term “secondary cortex” in either sense is clearly inac- 
curate and undesimhlq^^ ^ 

Ongm of the Periderm.— The origin of the first phellogen layer to be 
formed on the young stem is always in mature living cells in the tissues 
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but the outer meristem does not function. Rarely, the first-formed cork 
cambium of stems has its origin deeper in the cortical tissues, or even in 
the pericycle, as in Rihes and Thuja. Under these conditions the outer 
tissues, deprived of food and water, soon die, are ruptured, and sloughed 
off. 

With the increase in diameter of the stem and the consequent deep 
splitting of the outer tissue, including the first periderm bands, additional 
periderm layers are formed, progressively deeper in the stem. The newer 
layers are formed successively in the inner cortex, the pericycle, and the 
phloem (Fig. 115). In old stems all layers, after the first few, are formed 
in the secondary phloem; the majority of periderm la^^ers in large branches 
and tree trunks have formed in secondary phloem. The formation of 
each periderm la^^er shuts off all tissues to the outside from food and water 
supply, so that soon after the initiation of a layer, all tissues outside of it 
ie. As a result there is formed an outer ‘‘crust’’ of successive and over- 
lapping layers of cork enclosing pockets of dead cortical or phloem tissue. 
These tissues make up the rhyiidomc, often known as shell bark and scale 
bark (Fig. 115D,E). 

The manv uses of the term bark have led to considerable confusion. 
In a nontechnical sense, bark is applied to the tissues which are readily 
removed when logs or twigs are peeled, that is, to those outside the cam- 
bium. Both “bark” and “outer bark” have been used to designate the 
superficial layers of dead tissue made up of periderm layers and enclosed 
tissues, and “inner bark” to designate the living phloem tissues next to 
the cambium. The term “inner bark” has also been applied to the cam- 
bium zone itself. Periderm alone is sometimes called “outer bark,’ ns 
in Betula, and sometimes “the bark.” Some authors have used “bark 
as synonymous with “cortex” in the technical sense, and still others use 
“outer bark” in this sense. The further use of the term “bark” in a 
technical sense is obviously inadvisable. The term ma}^ best be restricted 
to nontechnical usage as designating all tissues outside the cambium, a 
usage already long-established. The more specific terms “cortex, 
“pericycle,” “phloem,” and “periderm ” can well be employed in anatom 
ical usage, and the term “rhytidome” may lie used to indicate alteinate 

layers of periderm and dead cortical or phloem tissues. 

The age of the stem at which the formation of periderm starts vaiics 
with different species and with different environmental conditions. 
In woody twigs the first (outermost) periderm forms usually in the first 
season, the epidermis rupturing at that time. In some geneia deepei 
periderm formation may also begin the first year. The fiist a^c 
often suffices for a few seasons, alter which the deeper layeis loim. 
apple tree and the pear tree begin to form internal perideim in the si.' 
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to eighth year. Some species of Populus and Prunus retain their super- 
cial smooth bark for twenty or thirty years or more, and Fagus and some 

plant inteinal peiiderm throughout the life of the 

In roots deep periderm formation is characteristic; the phellogen 
forms just beneath the endodermis. The first-formed periderm may 
pe^rsist as a continuous layer over the entire root system except near the 
ps. Adjustment to the increase in diameter of the root is secured 
y radial division of the phellogen cells and the li^•ing cells underneath 
Undei ground roots ot many species because of favorable conditions for 

b^rk hkp tr 1 to the air dei-elop a rough 

foild but fh.''” /'Ti herbaceous roots no periderm is 

med, but the superficial layers become suberized 

vvnnH T Periderm.— Considered in its entirety, the periderm of 

y p ants covers the plant axis except slender, “fibrous” roots and 

firsTS-m^edT twigs, 

^v! , 1 ^ "'"‘hes a continuous cylinder. In a few genera for 

example Fa<7,« and some species of Belula, this first phellogen layer coWrs 

pendeim layers form continuous sheets of tissue parallel with the outer 
surface, and concentric cylinders of cork result. But in most woodv 
pecies the extent of later formed layers is only rarely as great as the 

Thi bn ®°"'®times only a few square centimeters 

Dorti^/ r \ species and the age of the axis. The central 

n of such a restricted layer of periderm mav be parallel w-ith tt,« 

0» er surface „f the stem, hut its etlses c,n ve out. a? anSreeU^rolde. 
iS CM Z"’’ »f tortical or phloem tissue 

Lh ? «">•» overlap or idu 

S s2?;r I “f ooverL" v" 

Phellorn last-formed layers have a living 

exfo^mtion or remain and budd'^.pX' rhyUdome^X'^^nsT 
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logen i^ells. In the majority of woody plants, however, the first-formed 
periderm hn^er is replaced sooner or later by other periderm layers which 
arise succ.c'ssively deeper and deeper in the cortical, and ultimately in 
th(' phl()(‘m tissue's (I'i^. 115). Tlu'se later formed phellogen layers are 
ae'tive for only a brief ])eriod of time; their component cells then mature 
to form cork c('lls. In l /Z/.s, the successive periderm hu'ers ot the first 
f('w years are'. e‘e)mplete e*vlinde'rs, anel the' e)uter cylineler is ruptured and 
sle)u^he'd a wax' imme'diat e'lv, so that usuallv but e)ne e)r two layers oi 

t 7 \ \ % 

j)lie'lle'm are |)re‘se'nt in the' youn^e'r ste'ins. 



I'k;. 1 1(). ItUHM- (t luijjont ial) sui faco of rhytidoiiio of Pinna Strohus with livinjr ^Y„^,cr- 
i>su(^s \v(‘at away oxposiiiK (face view) the overlapi)ing shells or seales of tlie lan 

nost perid('rin la\’eis. 


In plants in which a five'll pe'ride'rm laye'r is active fe)r only a 
periexl, the're' is no se'asonal re'^ularity of ae*tivity. On the' e)ther hand, m 
spe'cie's with pe*rsist e'lit , siipe*rficial pe'ride'rm laye'rs, for example', specie*.^' 
liclula, JL'tnius (Fig. \\‘AI),h'), anel the cork e)aks, Qucrcu.^ am^ 

Q. ()cci(lrfil(ili,Sy the're' is se'asonal variatie)n in type of phe'llem e*e'll> toi nu 
by the e*ork eannbium with the resultant fe)rmatie)n e)t rathe'r e*on>ph 
bands e)r layers e)f e*ork which pre)bably repi’csent ^buinual iinji> ( ^ 

117/^). This condition is re'adily visible in bottle cork, xxdiere the 
resemble the annual rings of xylem. In Bctula also, the labeling 

pre)mine'nt (Fig. 1 13/>>,/i.’). 

^ Commercial Cork. The eleve'le)pment of the periderm laye'rs m 
cork oaks is of spe'cial interest. Here the j)he'lloge'n first 
cpidea'mis, forming e'xtc'rmdlv masse's e)t cork tissue' and inte'iim x 


the 
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lively te«- phelloderm cells. Thi. phcliogee „emsts in.leli.iitely y, ,|„ 

age of about tuenty years, when the tree is about JO cm i„ cirC'lmfe,™' 
IS outer iayer, known as virgin cork, is removed by stripping I ho sioiapi 
ion being made probably through the pi.ellogen aver tli.a g I p i p j 

a Icon d Tl>« underlying exposed pliel islerin ai ido , 

cal cells die, and a new phellogen layer i.s formed .several iiiilli lu e s 
deeper ,n the corte. By this phellogen new cork is forme, 1 more 2 
ban by the hist layer, and after nine or ten years the new cork layei h ' 
aine, sufficient thickness to be commercially valuable ami is in turn 


tree. 

IMloem, tKs.siies out off and killed by the fonnatioi!" of rr"" I socoiu. 

the outer surface; C, the smooth 1111101^^^^ section, the torn i)hloeni fil 

peeled from the trur.k, showing cross section^Ttlm li 


<-o.k b t • i . the nearly useless vir-nn 

<oik, hut IS nut .so good a.s that ohtainetl at the third .,,,,1 . ^ 

strippings which take place at intervals of al.oi.t n' ^ subsequent 
tree is 150 or more years old Aft ti ‘U^uiit nine years until the 

Phellogen layers develop at gn-eater and inir" P 

1 he cortex is lost in the fir.st few sti innin.r • -i i ti • ^ tissue. 

form in the secondary phloem. A strip^if ‘'kTitr'’ 7h "T ‘‘T"" 

one smooth surface, the inner where tho .xl. Ji /herelore, has 

and one rough surface which has bceii cracked' bv''*'' 
the rough ^ by weat tiering. Unon 

M Muface theie is apparent the remains of the secondary phloem 
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which was killed l\v (‘xposiirc' altc'i* tin' stripping;' of the |)revioiis layer 
(Fig. 117.4). The cross section (Fig. 117/^) shows the bands which arc 
probably annual layers. This section and the tangential surface (Fig. 
117C) show longitudinal and cross sections respectively of lenticels 
(page 2()2). If the trees arc not stripped, the initial periderm layer 
probably persists indefiniteh", forming cork of considerable thickness. 

]Most commercial cork probably is obtained from the cork oak, 
Quercus suber. The thin, tough sheets of cork from the canoe birch, 
Bctula papyriferay and related species, were important in the North 
American Indian civilization but are little used toda}". The properties 
which make commercial cork valuable are its imperviousness, its lightness, 
toughness, and elasticity. 

Morphology of the Periderm. — All stages in the formation of periderm 
can be observed in a tree of considerable age. In a pear tree, for example, 
early in the growing season the new shoots are covered with epidermis 
only. Extending down the stem from these 3 "oung shoots to a region six 
or eight years old is the zone covered by the first-formed superficial pen- 
derm, of epidermal origin, which gives a smooth, tan or gray-green sur- 
face. On the upper part of this zone the scaling remains of the epidermis 
can be seen. Below this is a comparative!}" short zone where the inteinal 
periderm has been formed in small areas, but where the outer layer has not 
yet been broken. The discoloration of the dead tissue cut out locally by 
the internal periderm layers gives the stems of this zone a blotchy 
appearance. The surface of the dead patches may be somewhat sunken 
because of the shrinkage of the dead tissue (Fig. 1 18.4). Ihis zone sha es 
into a region of scaly bark where the outer scales have broken loose an 
are dropping off (Fig. 118B). Below this on large trunks the baik p^i 
sists in weakly defined ridges, formed of periderm and dead phloem 

tissues. I 

The character of the older bark of different plants is dependent 

upon the number, extent, and nature of the periderm layers and P^^ 
upon the nature of the cortical and phloem tissues which are cut ofi >} 
successively formed phellogen layers. In many plants the outci p ^ ^ 
and the cortical tissues undergo extensive sclerification in 
parenchyma cells are converted into sclereids. Ihis ma} take P 
part before the tissues are cut ofi by the phellogen and in pait aitei 
as the cells are dying. It is to these masses of sclerenchymo, toge ^ 
sometimes with firm or stony periderm cells, that the baik ot ^ 

Quercus, Carya, and of Acer sa^-charum owe their extreme hardness, 
bark such as that of Magnolia acuminata and Ilmus arnericana 

cork layers and few sclerenchyma masses. 

Variations in the extent and firmness of the periderm layers a 
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in large part for the different methods of bark exfoliation. The ''scale 
bark^^ of the younger parts of the trunk and branches of many trees, for 
example, Acer ruhrum and Pyrus communis is the result of the formation 
of small, isolated periderm la^^eis which cut off scales of tissue. The 
breaking of the bark of the shagbark hickory, Carya ovala, into narrow, 
persistent strips attached by their upper ends is due to the method of 



S. 'rii(‘ trunk of >-oun;^ i 
ind scalinK of tho out<M 
lu kin^r, and .siuall 
just l>(‘lo\v tho 


!/r iiti corn m it n ts; li, .1 
In .1, the .smooth 
lostrictod, inmu- poridorin layers ai 
center of the figure, have “cut out” ai 
siatjes ranj?iuK from that .seen in .1 to that where 


Splitting ot long and nai'row, \'ei 
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other trees, the periderm layers are 
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integrating on the surfact*. 
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occidentalis the outer bark of the trunk and larger limbs is cut off every 
spring in this way. The ^^ring bark^’ of Vitis is shed in a somewhat 
similar manner, but the outer tissues usually hang to the old vine in 
shreds for some time. Such exfoliation has been ascribed to two types 
of periderm formation: one in which a layer of thin-walled unsuberized 
cells is laid down by the phellogen betAveen layers of firmer cork, and the 
other in which thick-Avalled lignified cells are formed betAA^een layers of 
thin-walled cork tissue. In both types the periderm layer splits under 
the action of moisture upon the unsuberized tissue and the strain set up 
by the increase in the diameter of the stem. 

Protective Layers in the Monocotyledons. — In herbaceous monocoty- 
ledons a persisting epidermis A\'ith its cuticle, and often cutinized Avails, 
is usually the only protectiA^e layer. When this is Aveakened or ruptured, 
the primary cortical cells beneath become secondaril}^ suberized by the 
formation of a suberin lamella on the cellulose Avail, as in typical cork cells. 
This occurs commonly in the Gramineae, Juncaceae, Typhaceae, and 


other families. 

The long-liA'ed stems of Avoody monocotyledons shoAV a variety of 
structure in their external la^^ers. Typical periderm formation is infre- 
quent. In the royal palms (Roystonia)^ Avhich haA'e a smooth white 
trunk, a persistent periderm, AA'ith a layer of hard phellem, coA'erstheentiie 
surface. In species of Cocos and some other genera, successiA^e continu- 
ous layers of periderm cut off the outer la^^ers of the stem, including ends 
of leaf traces and some of the stem bundles, forming a rh 3 "tidome-like 
layer, somewhat resembling that of dicot Adedons. Some Avood}^ geneia, 
such as species of AloCj that haA^e specialized secondaiy thickening, have 
continuous outer laj^ers of periderm, the phellem made up of layeis o 
thin-walled cells alternating Avith thick-Avalled cells (Fig. 119C). 

Storied Cork. — In manA^ monocotyledons Avith secondaiy thickening 
for example, Dracaena^ Cordyline^ Ciaxuma, some species ot Aloe 
protectiA^e la^^er consists chieflA^ of storied cork. Such cork diflers fien| 
the phellem of typical periderm in origin and in arrangement ot its la 
roAA^s of cells. In typical periderm, the phellogen cells torm continiiou. 
roAvs of closeh^ similar phellem cells (Fig. 112.1,/^); in storied coik, t^^^ 
initials — primaiy cortical cells — lie in an irregular, often broken line, a 
each cell bA^ tangential diA'isions forms a limited number (three to eig 
of phellem cells. The cells of a row so formed differ in size and shape an^ 
show bA^ their size and arrangement their origin from a single mo 
cell (Fig. 119.4). Tangential bands of these cell roAVs form ^ 

The bands are irregular in outline and indefinite in extent. They en 
undiAuded cortical cells, which become suberized, and ma.y merge v 
other similai' bands lateralfA' or radially (Fig. 119/:^,D. Radial .‘^eiie^ 
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bands formed in this manner constitute a type of cork probably restricted 
to monocotyledons. 

Layers of storied cork form progressively deeper and deeper in corti- 
cal tissue but the margins of these do not join according to a characteristic 
pattern as in dicotyledons and conifers. The rhytidome formed in 
monocotyledons consists of alternating and overlapping, irregular la 3 'ers 
of storied cork, suberized cortical cells, and unsuberized, crushed cortical 
cells (Fig. 119C). Such a layer is therefore a complex mass of protective 
tissue, lacking the completeness of phellem layers characteristic of the 
stems of wood}^ plants of other groups. 

v/" The Function of Periderm. — The principal function of the periderm 
is protection of the underljdng tissues from diying out, effected by 



A Be 

Fio. 119. — Protective layers in monocotyledons. A, Curcuma longa, transverse 
section of part of cortex showing storied cork — successive tangential divisions have occurred 
|n an irregular layer of these cells; B, Cordyline australis, radial section of stem showing 
layer of storied cork (5) enclosing clusters of suberized, undivided cortical cells (4), 1, 
epidermis; C, Cordyline indivisa, transverse section of stem showing superficial layer of 
crushed cells (2), alternating tangential layers of cortical cells (3), suberized, undivided 
cortical cells (4). storied cork (5), and cortex (6). {After Philipp.) 

maintenance of corky and suberized la^^ers. Cork layers, when of con- 
siderable thickness, may also afford a certain amount of protection against 
mechanical injury to the tissues beneath. In addition to these functions, 
the periderm layers serve for the protection of various specialized struc- 
tures or plant parts. Thus in fruits and tubers a periderm layer fre- 
quently takes the place of a heavily cutinized or cuticularized epidermis, as 
in the russet apple (Fig. 112C’) and the common potato (Fig. 114). In 
some tropical fruits— for example, the sapodilla {Achras zapola) or the 
sapote {Ccdocarpum T/mwimosi/m)— surface cork layers are well developed 
and give the fruit a gray-brown, somewhat rough appearance. Cork 
layers also occur on the dorsal side of bud scales of many woody plants, 
and as wings and ridges on many dry fruits (Fig. 171). They also occur 
rarely on leaves, as on the petioles of some species of Ficus. 
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Wound Cork. — One ot the sperinl hmctions of the periderm is tliP 
protection of wounds by the production of wound cork. .Dead tissue is 
usually shut off from that which is healthy b}' a suberized layer formed 
from preexistent cells that become chemically changed. This change 
may be followed by tormation of a phellogen layer in the la^^ers of unin- 
jured living parenchymatous tissues adjacent to the wound. This la}^!’ 
forms phellem and phelloderm in the normal way, thus sealing the wound. 
Such a layer not only prevents water loss from the wound, but also pro- 
tects the healthy tissues against infection by fungi and bacteria for cork 
is particular!}^ resistant to the action of microorganisms. 

Wound cork may occur in any part of the plant though the readiness 
with which it is formed varies with the species, the organ or tissues con- 
cerned, and the environmental conditions. In general, wound cork forms 
more readily in woody plants and dicotyledons than herbaceous plants 
and monocotyledons. It develops only occasionally in leaves and rarely 
in sclerenchymatous tissue. Even where wound cork forms readily, as in 
the potato, a low temperature and low humidity may greatly retard its 
formation. 

Lenticels. — In the periderm of nearly all plants, small restricted 
areas have loosely arranged cells with abundant, small intercellular 
spaces. These areas, known as Icnticcls, are thicker radially than the 
rest of the periderm layer because of the loose arrangement, the larger 
size, and possibly greater number of the cells. 

Distribution of Lenticels . — Lenticels are conspicuous on twigs, and on 
other smooth-surfaced organs, as more or less raised, often somewhat 
corkv spots where underlying tissues break through the epidermis. They 
are of almost univc'rsal occurrence on the stems of woody plants. Only a- 
comparatively small number of these have been reported to be without 
them, among them Philadelph us, Tccoma radicans, ]^itis rinif era, avid some 
others, mostlv vines, which shed the outer lavers of bark annually, and 
thus maintain new tissues in close relation to the outer air. Lenticels aie 
also found on many roots. The large lenticels of Morns afba aie 
conspicuous features of the orange-colored surface. The so-ca lied ‘Mots 
on apples and plums are familiar examples of lenticels on fruit. 

The number of lenticels per unit of surface area ^'aries greatly with 
different species. In some plants a lenticel forms beneath each stoma oi 
group of stomata and the number of lenticels is therefore dependent upon 
the number of stomata or groups of stomata. In other plants lenticeb 
may form between the stomata, if stomata are few or it stomata aic 
abundant, lenticels may form under only a small proportion of them- 
In stems, lenticels are usually scattered, but are occasionally in vertic 
or horizontal rows. Where there are large multi.seriate vascular ra}i>> 
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rows of lenticels may be found opposite these bands of tissue, suggestine 
hat the ray and the lenticel together may form radial passageways fo^ 

Dherr*^ Interchange between the inner tissues and the external atmos- 
P ere. In roots, lenticels occur in pairs, one on each side of a lateral 
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tion of the first periderm layer. Inasmuch as the lenticel is a part of the 
periderm, and the formation of the normal periderm usually spreads out- 
ward from the edges of the lenticel, the initiation of the periderm may be. 
said to start with lenticel formation. The time of lenticel formation 
vaiies in different species with the duration of the epidermis. In the 
majority of plants, lenticel formation occurs during the first gro^^^ng 
season and sometimes even before growth in length has ceased. 

In lenticel formation in stems, the cells immediately below the stoma, 
or group of stomata, divide in different planes forming a mass of rounded, 
thin-walled cells known as complementary tissue. These early divisions 
are followed sooner or later by the differentiation in the adjoining inner 



Fig. 121. — Lenticel of Prunus avium in tiansverse section of stem. .V number ^ 
cessiv’e layers of complementary and closing tissue have been formed, and the large a> 
of phelloderm dips inward into the cortex. {After Devaux.) 


tissue of a normal phellogen layer in which divisions are in the tangentia 
plane only. The young complementary cells enlarge in size, lose then 
chlorophyll, and later their protoplasts, finally becoming colorless an 
light. Additional complementary cells are formed beneath the first } 
the phellogen. The formation of any considerable mass of such ce s 
ruptures the epidermis through the stoma over the growing tissue 
(Fig. 120.4) and exposes the mass of complementary tissue. ith t e 
continued growth of the phellogen, the epidermis around the opening 
of the lenticels is thrust back as flaps of tissue allowing pale masses o 
complementary cells to protrude (Fig. \2QB). ^ 

Structure of Lenticels . — The lenticel, as a complete structure, is u>ua^ 

lens-shaped mass of tissue bulging somewhat into the coidical paienf 
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on the inside and raising the surface of the organ on the other (Figs. 121, 
122). According to the orientation on the axis of the breaks in the epider- 
mis, lenticels are called transverse or longitudinal. In roots, lenticels are 
always transverse; in stems, they may be transverse or longitudinal. 
Orientation of lenticels is related to the type of vascular ray within— 
transverse lenticels tend to be associated with uniseriate rays and 
vertically short rays; longitudinal lenticels tend to be related to elongated 
rays and so-called “compound rays.” 

In the development of lenticels, the phellogen does not form normal 
subenzed phellem cells but gives rise to large numbers of unsuberized 
cells. All the cells formed to the outside may be of the same type— the 
thin-walled, more or less rounded, cells of complementary tissue — or the 



section of se,oh»a in transverse 

pleUntaiv coll ‘on to periderm, alternate layers of closing and com- 

p mentary cellb, and the layering of the periderm. 

masses of complementary tissue may alternate with bands of denser, more 
compact tissue known as closing layers. 

The cells of the complementary tissue are only loosely attached to 
eac other, so^ that abundant radial air passageways are present. Two 
ypes of this tissue are recognized : one in which the cells are more or less 

fl ■ T***^^u forming a fairly compact tissue, for example, in Salix 
nd Gtnfc^o,- the other m which the complementary tissue is composed of 

enn^^ ^ unattached cells, which give the tissue a powdery consist- 

Prunus (Figs. 21, 122), and in the roots of Morns. Here the masses of 

Xeh f by tbe closing layers 

tissues sufficiently dense to hold the looser complementarv 

layer itself T f'® i® also the phellogen 

mLtarv cells .f^on^mued formation of new masses of comple- 

y b, the closing layers are ruptured. During the growing 
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season the leiiticel is filled chiefly with coiiipleiiieiitary cells; all closing 
layers are ruptured. At the end of the growing season the lenticel 
is closed^’ by the formation of a closing layer which closes the passage- 
ways except for the minute intercellular spaces between these cells. In 
the spring the rapid development of complementary tissue breaks open 
the closing layer. 

Duration of Lcnticels . — The duration of a lenticel depends upon the 
formation of internal periderm. In those plants which form internal 
periderm early, the lenticel may be cut off early and lost by the exfoliation 
of the outer tissues. On the other hand, in plants with persistent super- 
ficial periderm layers, such as Betula and Prunus avium, the lenticel may 
persist for a great many years. In such species the lenticels become 
greatly elongated tangentially, due to the increase in circumference of 
the periderm layer accompanying secondary growth. The phellogen layer 

of the lenticel is increased in extent bv radial division of its cells at about 

%/ 

the same rate as is that of the surrounding periderm. The elongated 
lenticels form conspicuous markings on the smooth bark of birch and 
cherry trees and the roots of Morns. 

With the formation of internal periderm, new lenticels are formed 
by the specialized functioning of special areas in the phellogen. The 
lenticels in the deeper layers occur beneath the cracks in the outer bark 
and gaseous interchange takes place through them. Lenticels on rough 
bark surfaces are not readily seen. In Qucrcus sober, where the layer of 
phellem may be several centimeters thick, the lenticels persist, forming 
cylindrical masses of loose complementary tissue reaching to the surface 
(Fig. \\7B,C). This lenticel tissue forms the spots of dark, porous, 
crumbling tissue in commercial cork. Because of the presence of these 
pervious radial cylinders of tissue, bottle corks are cut vertically from the 
cork sheet so that the lenticel evlinders extend transverselv through them. 
Because sheets of cork as tho}^ come from the tree are rarely more than 
cm thick, cork with a diameter greater than that cannot be obtained b} 
^cutting in the usual manner. Corks of large diameter are sometimes cut 
^ radially from the sheet but in these the lenticels run longitudinally in the 
cork and the cork is not “tight.” Large corks are u.suall.v cut from sheets 
of ground and compressed cork or from “multiple sheets” composed o 
layers cemented together. Such corks are of low quality. 

^ ABSCISSION 

In vascular plants the loss of various plant j)arts is a common 
rence. In annual herbaceous plants, this may be no more tham^Jh^^J:^ 
of bracts or floral parts^^ In perennials inj\vhi(di' tlu're is seci^omdjynL^ 
of growth, particularly in woody plants, there is c onti mial deathjB^ 
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from th© abscission of leaves ol herb«i(HM)Us plants. \ separation layer 
is formed, but not long in advance ot the fall ol the floral appendage, nor is 
there the specialization and differentiation of layers associated with leaf 
abscission in woody dicotyledons. 

The Abscission of Stems. — In addition to the abscission of leaves and 

other appendages, most plants lose parts of the stem by abscission. 

These parts may be immature or herbaceous stems in which there is little 

hard vascular tissue or sclerenchyma, as in flowers and young fruits, or 

they may be mature and woody with well-developed hard tissues such 

I as the foliage branches of poplar and elm, the fruit-cluster stalks of 

^ horsechestnut, and the pedicels of mature fruits of apple, pear, plum, and 
walnut. 

Conditions unfavorable to growth hasten or bring about abscission 
whereas favorable conditions tend to delay or prevent abscission. Lack 
offpollination and of fertilization may cause the fall of flowers; unfavora- 

S^^wth conditions may cause young fruits to fall. (The factors causing 

l^te fall of mature fruit are not fully understood.) Some senile 
pArts may be lost by abscission. 

Abscission of Immature and Herbaceous Stems. — In stems in which 
the tissues are soft, no definite abscission zone is apparent, and the separa- 
(J\tioii layer forms immediately before abscission. The location of this 
^paration layer is variable, even in a given plant: in the apple flower, for 
example, the separation layer ma^^ form an\^where in the basal region of 
the pedicel. The cells of the separation layer undergo changes similar to 
those described in leaf abscission. Abscission occurs in this simple way 
by the formation of a separation layer just before the cutting off of flowers 
and young fruits and of the tips of leafy stems. The cutting off of the 
tips of leafy stems is characteristic of many genera that have indetermi- 
nate growth, for example Ailanthus^ Morns, and Ulmus. 

Abscission of Woody Stems. — In woody plants only a small propor- 
tion of the twigs and small branches persist in a living condition for more 
than a few j^ears. In most species the dead twigs and small branches 
c ing to the larger branches or trunks until they are mechanically broken 
o or decay. In other plants, for example, Populus, Ulmus, Quercus, and 

the shedding of branches is brought about by abscission. In 
ese plants a definite abscission zone is present in which the hard tissues 
ai e greatly reduced and modified and through which a separation layer is 
ormed. In Populus, Ulmus, and some other genera, the majority of the 
ranc es, cut off by abscission toward the end of the growing season, are 

many have leaves attached. The age at which branches are 
c vanes, in Populus alba, abscised branches range in age from 1 to 20 
years, in Ulmus americana abscised branches are rarely older than 7 or 8 


4 




ri(f. 124. Ahscissioti s(\nrs on hrancluvs of Po])uhiS, sliowin^ smooth 
miiii hraru'h showing concave (“socket ’') scar in face view; li, lateral hranchc> 
wollcn bases and convex (“ball”) scar in side view; scars on abscised branche.> m ^ 
dew. (Natural size.) 


Ah.scis.sioii of woodv steins is best described l)V examples. In Popidu^ 
n'andidctilata^ the smaller limbs are swollen at the base where the\ dU 
ittaehed to the trunk or main branches (Fi^. 12 O- This swelling; 
ists largely of thickened parenchymatous cortt'X in which stone (( 

)ut no fibers, are prt'sent (Fiji'. 125.1). In tlu' xylem, th(‘ ' ^ 
his rejiion ar(‘ hmIuccmI in nuinlxM’ and art' conspicuously modified, 
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years. The size of abscised branches also varies with the species. In 
Popuhis the larj2;est are about two c(‘ntimeters in diameter at the scar; 
in Agafhi.^ and Casfilloa, up to fi\'(' c(‘nl imettu's in diameter. 
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abundant scalariform or reticulate pits instead of the usual circular 
pits (Fig. 125B). The vessels, fibers, and other cells are less strongly 
lignified, with theii walls apparently mostly of cellulose as indicated 
by their staining reactions. Parenchyma cells are more abundant than 
elsewhere in the xylem. Through the living cells of this zone— iioth 
those of the xylem and those of the other regions — the separation laver 



1 /i 

I' u;. 120. lii aiicli iii Popn/u.,. A, , adial section of lateral and main U 

hliowiri^ al)h(a.«<.sion zone with lateral hraneh swollen at base oaronr-h^'r,. ♦ biainh 

-lom.ls „ut la,.kiM« an.l tl.o .no.iif.ea xyi;..fcyii"dj;Tt 

JiaiK 1, , sealanform-pitted ves.sels from the absei.ssion zone in A at higher magnification. 


i.Jon.K.l. Those xylc.n eolls in which tl.e so,,aration layer does not form 
tlie ueakly hf>nifie(l vessels and (,bers— rupture easily because of their 
'•lieinical nature and the transverse scalariform pittin-r 

Wlam the bran,.h falls, the surfaces of the two'scars are smooth 
(, Ik,. 121) because the .separation e.xteuds chiefly through living cells 

«.r a ! • if u d ■ . • r .V' to each other as those 

' J'-ot-the scar of the ab.scised branch has a convex 
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suriac(‘; that of the main l)ranch a concave .surface (Fi^. \ 2 AAyB). 
lM)llo\vin<»; the fall of the branch, or possibly even !)efore its separation, a 
|)(a*i(l(‘rm layca*, which is continuous with the peri(l(‘i'm of the main branch, 
is loi’iiu'd in t h(‘ li\'in^’ tissue^ just Ix'low* th(' fa(*(' ot tlu' scar. 

I h(^ formation of an abscission zoik' in latc'ral branclu's (lo(‘S not 
n(‘C(‘ssarily i(‘siilt in tlaar sluMldinji;. In Populn.^^ althouj>;h a well marked 
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Ik;, 1 J(').- Radial >(M*tic)Ji of ( /rriits (J7u< rientm thrf)imh K'triori of })ratU‘h-al)>fi-‘^’''^’^ 
aftor dovolopiiHMit of i>r()t<‘cf iv(* la\ (‘r of ixa idcrin. The p(*rid(*rin riiirhf-c(>lor(‘d fi.-s'ic' 
«‘Xt(Mid> ov(‘r t h(‘ (Mitir(' .scar ar(*a. On it> (‘Xtornal .''iirfaca* arc tin* ratrur'd r(*rnriant> n 
N'a.'iciilar ti.'>>n(' and cortex cut off })\' tlio i)h(dlo^('n \Nhich aro>o sonu* distance bcluv' t 
woutul surfac('. I Ik' i)h(‘lloin is thick ovtu’ th(‘ .■'t(*I(‘. fillint; th(‘ c(*ntral concave* area, 
thin in the* earrtical ie*Kie)ns. 

abscission zom^ is form(‘d in all th(‘ lat(‘ral branch(‘S whil(‘ tiny arc small. 
thos(‘ brancht's that r(M*('i\’(' abundant lijiht and inakt* rapid ^ro''tli ar( 
not sh(‘d. and this weak zoih' of soft tissue' is btirie'd and i(Mnte)i‘c(*el h> 
lat(‘r ioi'iiKul annual I’in^s of normal x^'lcm. Ikmi th(‘>(‘ old(‘r l)ram'he^ 
di(\ th(‘V ar(‘ not cut otf but la'inain until th(*y are* lost by de*cay. 

In spe‘e*ie*s ot f (funs and (Jtnrrt/s, the* proce*'.,-^ of abse*ission is 
the* same' as in Populus, but the* position of p(*rid<*rm formation etve'r tla 

wouml is deejt in the abscission zone* (Fi^. 12 t)i. lii Dirca the 
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peiideiiii, in much the- same manner as a s(‘[)arati()n layer, 

f oi ms beneath the scar (‘Uttirifj^ oft the ends of the se^’'ered vessels and 
fibers. 

A breaking awa.v of living twigs difi'erent from the abscission described 
above is present in some species of Salix, for example, *S. nigra and S. 
Jragilis. No separation layer is formed, but somewhat above the base of 
the small twigs, there is a weak zone. Jn this zone the cortex is considera- 
bly thicker than in the normal internode, and the cortex and phloem 
lack fibrous sclerenchyma, which is abundant in these tissues elsewhere in 
the twig. The .xjdem of this region is less strongly lignified than in the 
normal internode. Because of these structural weaknesses, mechanical 
stress cau.ses rupture of the twig straight acro.ss the weak zone. The fall 
of the branch is not followed by the formation of a smooth periderm layer 
over the wound as in species whose branches are abscised. The base of 
the branch persists as a dead stub and is eventually buried by secondary 
growth of the main stem. Under favorable comlitions twigs in which 
these weak zones are present— like those with abscission zones— persist 
indefinitely and with addition of xylem each year become strong branches. 

In the pedicel of the mature apple fruit an abscission zone is present 
where the pedicel joins the fruit chi.ster ba.se. The specialization of this 
zone is comparable to that ot abscission zones of woody branches gener- 
ally, with reduced fibrous and vascular tissue and increased parenchyma. 
At the point where the separation layer is formed the pedicel is constricted 

and here rupture occurs through the separation layer and the weak 
vascular tissues. 

Entire mature inflorescences may be similarly cut off, as in chestnut, 
oak, willow, or they may remain attached to the parent plant until they 
are lost by weathering or decay, as in sumach and lilac. 
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CHAPTER X 

THE ROOT 


That part of the plant axis which normally develops beneath the siir- 
lace of the soil is commonly called the “root” as distinguished from tiie 
aerial portion ot the axis, the stem. There arc, of course, roots that are 
aerial and stems that develop underground, but from the standpoint of 
anatomy, there are tundamental differences between root and stem in 
the arrangement and method of development of the primary tissues: the 
primary xjdem in the root is exarch, as contrasted with the endarch con- 
dition in the stem (typical of gymnosperms and angiosperms) • and the 
root has radial arrangement of vascular tissue, ^^^th alternating strands 
of xylem and phloem, whereas the bundles of stems are collateral 
bicollateral, or concentric. Roots differ further from stems in that they 
do not have appendages comparable with leaves, do not give rise directly 
to flowers, lack stomata, and form lateral branches from relatively perma- 
nent tissue in the pericj'clc, rather than from the promeristem at the 
growing point. Other differences arc the presence of the root cap, a 
structure wholly lacking in stems; the almost universal occurrence of an 
endodermis, which is frequently lacking in stems; and the usual peri- 

cychc origin of the initial periderm layer in roots, a condition found 
only rarel}" in the normal aerial axis. 

Function of the Root. — The function of the root is twofold. Physio- 
ogically the root is the absorbing organ of the plant, taking up water 
an mineral salts in solution and conducting them to the stem; it also 
serves as a storage organ for food materials translocated to the root from 
e leaves. Mechanically, the root anchors the plant and holds the stem 
in a position that makes possible the support of a large leaf surface 
t IS structurally effective for support in its tensile strength flex- 
ibility and extensive ramification through the soil. Absorption’ takes 
I ace foi Uie most part by diffu.sion through the walls of the root hairs 

for example, species of Ranunculus— root hairs 
epldrm thin-waned 

r^t in^r absorbed through the epidermis of the 

and ho. ^ Usually the older roots 

of -lb f"" tlin-kfiiing has taken place are incapable 

‘ • option because of the presence of periderm and .serve onlv foi eon 
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duction, support, and storage. Storage may take place in the cortex, 
phloem, and xylem of typical roots or in specialized fleshy roots, such as 
the sweet potato and carrot. There is also abundant starch in the roots 
of herbaceous perennials during the season when the tops are dormant or 
wanting. 

Gross Morphology of Roots. — Roots show great variation in form 
and structure. This variation may be directly related to function or may 
be characteristic of the species. Roots with obvious function or structure 
are described as storage, fleshy, fibrous, aquatic, brace, tap, aerial, and 
holdfast. Different species have in general root systems of a character- 
istic structure and habit but environment, particularly soil moisture and 
soil type, may cause considerable variation. For example, plants grow- 
ing in dry soils usually have much more extensive root systems than 
plants of the same species growing in moist soils. In a natural environ- 
ment in which are living various kinds of plants a variety of root systems 
occupy the soil — some species fill the surface soil with masses of fibrous 
roots, others have sparsely branched tap roots which occupy the deeper 
parts of the soil, and small herbs may fill in surface pockets with seasonal 
or transitorv root svstems. 

% K' 

The length of time that a root functions as an absorbing organ varies 
with the type of plant. In many herbaceous plants, particularly spring- 
flowering bulbs and herbs with storage roots, the fibrous roots make rapid 
growth for a short time and then die. The roots of tulips and narcissi 
start growth in the fall, continue to grow in the early spring, and die in 
early summer. With woody plants also there may be an annual renewal 
of small or ‘Teeder^^ roots which at the end of a growing season die back 
to the more permanent part of the root system. Probably most perennial 

plants show renewal of the ^Teeder^’ roots. 

Primary and Secondary Roots. — The part of the main axis of the 
plant growing down into the soil is called the 'primary root; its branches 
are secondary roots. Primary and secondary roots differ in their mode of 
origin. The primary root is present in early stages of the seedling, m 
some plants in the embryo within the seed. The apical growing region 
of the primary root is developed as a part of the differentiation of the 
embryo; one end of the axis possesses root structure, or at least root-tip 
meristem. The origin of secondary roots as lateral structures is discusse 
later in the chapter. 

Between the root and the stem, a transitional region is formed m 
which the exarch xylem and the radial structure of the root pass ovei 
the normal stem structiue. The anatomy of this region is discusse 

Chap. XI. 
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I'k;. 12 S. — 'riie i)i iina? \' structure ot the st(‘le of loots. * 1 . \ ouu^^ toot o .' 
tetrareli; only the outer parts of th(' x\’ 1 (MU strands ar(‘ mature; tlie phlo( tn is *‘. Ji 

rahle from t he parencliN'ina and t he procamhium : t he t hin-\valh'<l (Midof (miius i. < a*** 

polyareh root of Pol !/{;onnt o m hijlarnm; a small, irre^iular pith i> prcv-ent ; o 

the endodcM inis are seen indist inct 1 \' s(‘t olT from ."urroundinir cell>. ’ .^^V'-t inLUii''!*'*^’^' 
Smilax herhacco; the pliloem st i ands art' da rk-st aim'd ; t lu' x,\ l(*m ."t i am .■' ait < .j^^.,_,t ainc' 

with difficulty from the sclerenchyma in which they are (‘inhedded. hut the ( ai^ j„.(.^ent 
protoxyh'in rejiion and the lar^t' innei niost v('ssel> limit tin' stiand>. a ait^t r/rrf.'" ti‘> 
the thick-walled endodermis is promim'iit. I), pentarch root of PaniinruloA ( 

is present. 
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P^' iderm persists indefinitely 

some tp, other periderm layers arise succossively'deeper and d'^a- b 
p oem, as m stems, and the outer tissues arc lost. There is no 
extenye accumulation of rhytidome on roots because of the rapicUlecay 

of dead tissues beneath the soil, \\-hen roots are exposed at the base of I 
tree, baik is tormed resembling that on the trunk. 

There are many exceptions to the usual course of periderm develon 
ment m roots. In tho.se roots without secondary thickening the epider 
s may pm-sist intact, olten becoming cutinized, or it mav be lost bv 

laveTah^t ^'t layer by an outer primarv cortical 

la 3 er uh.ch becomes cutinized, as in many inonocot vledons In sud 

P ants the true epidermis may shri\ el and (lisap]K>ar as soon as the roof 

ails cease to function. Such an accessorv inotective laver .sei vimr 

epidermis, is sometimes called an cxo<lcn„l l.ut it is'mereh- a ttr'" '“f 

o, „i i>nm„uoL, "r "■ 

m the oele,- eortex, hut „„t superlicielly, .e, in ,h„ Jic'um "'1"’ 

e pteridophytes, iieriderm does not form in the roots hot I'l • i ^ 

Sr" i« »iS;'i'iiiS;vrihrs: 

Unusual types of .structure are found in roots as in st«nt u * • 
these ,e(»,Ki„to,l chiefly „i,l, secoinlaiy lielne, •„ in « “ TT 

':,s 

m some of tl.e.,e simcinliee,! f„™, ,,,0 in Clm,, 

References 

H.an..rt..n«.a. 

K.: Dovolopin.a.lal anaU.inv ;,f Ih, 

13, 175-209, 1940. ' ‘ > "torajrc. oi^aii of Daurus (Sirota, 

• ^ HS(!ulur (lifffiroiit i*i t if ^Ti in 

U pear root, Ifi/gardia, 16, 299-311, 1943. 


292 


AN INTRODUCTION TO PLANT ANATOMY 


I' LAHAULT, C.: Recherches sur raccroissement terminal de la racine chez les phan- 
drogames, Ann. Sci. Nat. Bot., 6 S(Sr., 6, 1-168, 1878. 

Friedenfelt, 1.: Der anatomische Bau der \\ urzel in seinem Zuzammenhiinge mit 
dem Wassergehalt des Bodens, Bibl. Bot., 61 , 1-118, 1904. 

Janczewski, de, K.: Recherches sur le dcveloppement des radicelles dans les phan- 
(Srogames, Ann. Sci. Nat. Bot., 5 ser., 20, 208-233, 1874. 

Kroemer, K.: urzelhaut, Hypodermis, und Fndodermis der Angiospermenwurzel, 
Bibl. Bot., 69 , 1-151, 1903. 

Lemaire, a.: Recherches sur I’origine et le d6veloppeineiit des raciries laterales 
chez les dicotylcdories, Ann. Sci. Nat. Bot., 7 ser., 3 , 163-274, 1886. 

Maxwell, F. B.: A comparative study of the roots of the Ranunculaceae, Bot. Gaz., 
18 , 8-16, 41-47, 97-102, 1893. 

Nageli, C\: Ueher das Wachsthum des Stammcs und der Wurzel bei den Gefass- 
pflanzcn, Beit. Wiss. Bot. (Xageli), 1, 1-156, Leipzig, 1858. 

and H. Leitgeb: Entstehung und Wachsthum der Wurzeln, Beit. Wiss. Bot. 

(Xiigeli), 4, 73-160, Leipzig, 1868. 

Olivier, L. : Recherches sur I’appareil tegumentaire des racines, A/i/j. Sci. Nat. Bot., 

6 ser., 11 , 5-133, 1881. 

Priestley, J. H., and R. IVI. Tupper-C-\rey: Physiological studies in plant anatomy, 
IV. The water relations of the plant growing point. New Phut., 21, 210-229, 1922. 

Sachs, J.: L eber das \\ achsthuin der Haupt und Xebenwurzeln, Arb. Bot. Inst. 
Wurzburg, 1, 384-474, 585-634, 1874. 

Tubetf, C\: Die Haarbildungen der (’oniferen, V. Die Wurzelhaarc der Coniferen, 
Forstlich. Xaturwiss. Zeitsch., 6, 173-193, 1896. 

Van der Lek, H. A. A.: Onderzoekingen over de vegetatieve verinenigvuldiging van 
houtige gewassen, 1. Over de wortelvonning van houtige stekken. Laboratoriuni 
voor Tuinl)ouwplantenteclt, Xo. 1. Overdruk uit Deel 28 der Mededcelingen 
van de Landbouwhoogeschool te Wageningen (Xederland). 

Van Tiegiiem, P. : Recherches sur la syinetrie de structure des plantcs vasculaires, 
Ann. Sci. Nat. Bot., 5 ser., 13 , 5—314, 1870. 

and H. Doi'LIot: Recherches comparatives sur Toriginc des membres enclo- 

genes dans les plantes vasculaires, A?iri. Sri. Not. Bot., 7 ser., 8, 1-660, 1888. 

Whitaker, K. S.: Root hairs and secondary thickening in the Compositae, Bot. Gaz.. 
76, 30-59, 1923. 


CHAPTER XI 
THE STEM 


Stems and roots avA ai;i,A i . is, cauea the stem.,, 

£/ f “ rri. r t 

rix „r:: t::;: ts:.rr ;:r” 

known as noclos ^ nxocl positions 

in.the 

primary xylem and phloem lie iiTdiff^i^ ri- * ^ stiands of 

tissues, roots and stems are very much alike. ^ sculai 

«pecia”fzTtil *f th^mSo ^TateT develops during the 

development of neiv apical menstems late:^rin“ m 

of the mother stem. Adventitious branches develop on both sf " 

roots, by the formation of similar meristems secondaHR /rthA 

Phloem, or even in the cambium. In a fenknts tiev 

arise in epidermal or subepidermal cells R ^^ey are said to 

freely in wound tissue of som" ' e s Such ""‘f 

division of meristematic cells or of r! ^ meristems arise by the 

in several planes formin. an f 7" parenchyma, 

normal Stem tip. ’if this meristem'b deeply buried In the%ie^\°^ 

Weak, snfoV^tr' 'rr 

»,e„ f„„ „eris,em is di Jssed irciap IlJr 

the V ^ “‘■-‘“■e. 

meet, and „ here the va, io,°s liaLT” h" “t* 't"" 

:ti,TL:n:strrLn„^„rr- 

_.a,. ..ss„e.trr= -- t.'„r r;st- 
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Fig. 134. — Root-stem transition; diagram of four types, A, Ji, C, D (see text). 

^-1, B-\, etc., root; A~5, B~5, etc., stem; intermediate figures represent stages in transition 
found at successive levels, showing splitting, rqti^on, and f ytyion o f the vascular stian s- 
Xylem cross-hatched; phloem stippled. 


types of bundles and of arrangement are markedly different in the 
organs — the radially arranged, independent strands of xylem and phloeiHi 
the xylem exarch, of the root pass into bundles containing collaterally 
placed xylem and phloem, the xylem usually endarch. In the xyleoa 
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''“““fee oi position involves a fTin«t;n,r • 
strands (Fie 134) Thp ohano-o f ^ — ULYersi on of the 

thither takes plL in a structuri^to 

at the very base of the hypoeoty] ’ neaHK renter” 'ril 

The hypoeoty, ntay. therefore, po^est r* “2;:; ” strata 
through most of its length or mav Kp * structure 

region. Often the transition region coinLL vitTtharril!” transition 

departure of the cotyledonary traces, and the s trulreTtL^^^^^^^^ 

been accomplished at the level at wh.Vh th . , bundles has not 
these outgoing strands are inverted durin/theif ^ onary traces depart, 

Wons, Rarely the transition tegl eTten^s to theT I"'" "■* 
third or fourth node above thp ] j 

possesses bundles which are partly invS''"’lnthe'^ 

the pteridophytes the region is usually short ^ "monocotyledons and 

. - .-isih.e as 

“ nrih™ e“„rte r™ r,r 

increase in the diameter of the stel a commonly a considerable 
oaUon of vasciii.r tTiSst^fff^^ ‘I'i*. So multipli- 

These Change. taheX .1:^ a^^Xa'n^X™^' 

aomeivhat different tyiais have I, eenLognised 'P" 

diCsritee bmt',?et:‘(sX'UTsXX "'•'''o root forks by radial 

right and one to the left, turninrat th ' .T ’ T"® u to the 

and join the phloem strands on the inside "^ThrLu ^^h^^ degrees, 
remained unchanged in position and orientatTra- SI "meanwhile 

strands from the root into the stem. In thk t ’ tu straight 

*he stem as many pi-imary bundles as there a t*mere are formed in 

•-ot. Examples of plants in n h ch tlS t the 

‘'^firabiHs and Fumaria. occurs are Dipsacus, 

the strands of phloem,Ss wtll'as^hSe' or^- that 

each swinging laterally as they pass upwardT branches of 

alternating with those of the strands n S '" Positions 

become inverted as before; the phloem st.- ^ strands 

In this way there are JmSd in tVe' stllSS' "m-ientatiom 

1 are phoem .strands in the root. This ^ i there 

• Pe "t transition is more common 
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than the first. It occurs, for instance, in Acer, Cucurhitaj PhaseoluSj and 
Tropaeolum. 

Type c. (Fig. 134C). — In the third type, the xylem strands do not 
divide, but continue their direct course into the stem, trusting, however, 
through 180 degrees. The phloem strands meanwhile divide, and the 
halves swing laterally to the position of the xylem, joining the xylem 
strands on t he outside. In this type, as in the first, as many bundles are 
formed in the stem as there are phloem strands in the root. Examples 
of plants in which this type occurs are Mcdicago, Lathyrus^ dind Phoenix. 

Type (I. (Fig. 134/4). — In the fourth type, half of the xylem strands 
divide and the branches swing laterally to join the other unforking 
strands, which meanwhile become inverted. The phloem strands do not 
divide, but unite in pairs with the triple strands. Thus a bundle of the 
stem is made up of five united strands, and there are but half as many 
bundles in the stem as there are phloem strands in the root. This type of 
transition is rare, and apparently is known only in a few monocotyledons, 
such as Anemarrhena. 

Where internal phloem is present in the stem, branches depart from 
the phloem strands of the root at the level at which the root structuie 
begins to change. These branches pass inward and come to lie inside the 
new xvlem strands, establishing bicollateral bundles. here the xylem 
strands of the root are united laterally to form a hollow cylinder (a pith is 
probably always present in the very top of the seedling root adjacent to 
the transition region), the strands become separated before the forking oi 

the change in position and orientation occurs. 

In some of the monocotyledons the transition region is very short anf 
its structure difficult of determination, owing to the development of a 
ring of vascular tissue in connection with the attachment of numerous 
.strong latei’al roots which develop at that point. In the cycads, the 
transition region contains a plate or a ring of vascular ti.ssue into whic 
all the strands of the stem and root pass. In these plants the bundles o 
the stem and root do not, therefore, pass directh" into one another. 

TYPES OF STEMS 

The fundamental structure of stems has already been discussed (Chai^ 
V). In review, it may be said that stems are commonly siphonostehc 
protest eles occurring in living plants only among the ferns and some 
pteridophytes — and usually ])ossess secondary growth. Stem> ^ ^ ^ 
greatly in the amount and arrangement of primary vascular tissue an J 
the amount of secondary tissues. The primary vascular tissue ranges 
amount from that of a solid cylinder of considerable thickness to that o^ 
n few small strands forming isolated bundles. Th(^ various condition 
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evolutionary progress where there has been 

evlinder .nto longitudinal strands, and changes in the arr—en ” Z 
resul tang bundles so that these no longer form a evlindrical sers iC 
ever the amount and the arrangement of the primary xvlent the se . m ’ 
vascular tissues may form a solid cylinder enclosing it and in this wav 

L vary'pthai J , 

uneie secondary growth is nhs^nf i Plants 3 

. ^ _a ps ent. oeeondarv vascular i;i 

r Z are LmeT 

Sanations in the structure nf fhi« r 1 / 1 ^ iniai\ aXylem. 

Prin,ar, Vaxutal in 1 ™ ? Z”“‘- 

unbroken except bv leaf snd h cylinders that are 

'.undies „,tenToXt“lt:em*"^^^^^ 

cylinder concenlino- • iuipucii} ot the secondarv 

structu.; simple. Even 'vherrihTpV^imai^y f *'« 

stand out a Uoa^le^tnSJ'i^g^ 

ies'and "S 2 “ SuTg* Tr'’' 7 ?“'“'“'’ 

Other plants the cylinder consists Of more or Icyc^et' 

varying size (Fig 7i/i)_xvith r ^ closely placed bundles of 

without connLtljg plwy xvrer rr ‘T"'** 

strands am ray-like projoctions of the pith .m'te in'sld?" ‘!'™' , P'™”)- 
the outside. They are soon closed bv tho n ■ P^“* ‘oyeIo on 

secondary va.scular tissue in these spaces which builds 

Woody, perennial stems, such as thoso of u-y 

n.on»otyWd„ P-^ot;^op«l Without .elX;;::;,,”"'-" 

anatomical structure. Annual .stemT°'**^ Plants have no distinctive 

their vascidar tis.sue.s— whether it is prinlT supposed to have 

.t Ks pnmary only, or primary plus second- 
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nrv cliariK^c'rist icnlly in tlu' form of (lisci’(‘l(' hundk'S arninj:;cHl in a 
cvlindcM- (Ki^. IHoF), l)ut tliis condilion is not. typical of lu'rhaccous 
[)lants. Ainonj;- dicot vIcmIoiis, the majority of lu‘i-l)ac(M)ns forms possess 
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I'k;. is."). 'rypes of dicot \ lodoiious >t(*nis. A. Liquidottifxi , tr<M*. ‘ (’{( rn(>ti''< 

li, J^latunus, tioc. stclo dissoctc'd; (\ Loniccni, woods vino. >toIc (•ont^lUou^, . 
woody vino, .stolo dissootod. (Fi^uro oontinuod on opposito pa>-n‘.) 

cylindc'rs of vascular tissue' that are' e'omple'te', e‘xe*e'pt lor the pie'>(nj( 
le'af and hrane-h ^aps {VY^. 135/';). Sue*h e'onditions e)htain not 
e*e)arse' anel ste)ut ste'ins, sue*h as those' of many e*omposite'S. 
le'irume's hut e've'ii in sle'ueler ele'lie*ate' ste'ins, such as thebe' ol >P^< ‘ 






THE STEM 


299 


«.n.e ,.,„.L oXt'x. Xt;;!:;, 





h«,.K ; , oj>po.sito t)aKe) 

b- continuous; F, Artemisia, he 

occurrence, it is f„un<l in various 
p ants. In some form.s, for exan 
O'^imonia, the lower nnrf. 


Ntoni^ 7^- •/ /• 

le d.«so.tecl. (A/u. Sinnoti andiLZi^" 

I'CS and in botii stout and slemlei 
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may ha\-e a complete cylinder of 
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distributed through the stele according to a plan determined by the num- 
ber of leaf traces, leaf arrangement, and other factors (Fig. 136). 

Herbaceous stems, except those of the extreme type where the cam- 
bium fails to unite the primary skeleton, are structurally like woody stems; 
differences are those of period of persistence, not of basic structure. The 
herbaceous stem is one in which cambial growth is limited to one season 
or part of one season, or is lacking. The amount of vascular tissue, 
primary or secondary, is not necessarily less in a mature herbaceous 
stem than in the one-year-old stem of a closely related woody plant of the 


same type. 

The type of stem in a given herb depends upon the type of stele pres- 
ent in the wood}^ ancestral forms. Where the vascular C 3 dinder of the 
wood}^ t^^pe possesses primaiy tissues in the form of a continuous cylinder, 
related herbaceous forms also possess unbroken primary c^dinders; where 
the primal’}^ c^dinder of woody forms is discontinuous, related herbaceous 
plants have a tj^pe of stele in which the c^dinder consists of discrete 


bundles. 

In some details, a mature herbaceous stem with well-developed secon 
arv vascular tissue mav differ from a similar wood}^ stem. Commonly, 
in annuals, as seasonal growth of the stem ceases, the cambium dis 
appears, all its cells maturing as x\dem and phloem elements. > 
tissues outside the cambium become strongly compressed cortica^ 
parenchvma, especially delicate, photos^mthetic t^^pes, ma}^ be complete 
flattened; and, even before flowering and seed-formation is complet , 
the softer cells of the phloem, including sieve tubes, are crushed. ^ 
phloem fibers of such plants show structural evidence of this lateia 
compression in their ^^jointed,’’ or broken’’ structure. In heibaceo 
stems the epidermis rarel\^ is ruptured with increase in diame^^ 
It is maintained at first b}^ slow division; later, the compacting and 
ing of the outer tissues provide space for the developing secondary x\ cm 

and phloem. 

The morphological problem underlying the evolutionary 
structure from the t\^pical woody stem to the extreme herbaceous stem 
outside the scope of this book. From the evidence of compalati^e 
pholog}^ and of the fossil record, it is clear that in angiospeim-r 
herbaceous tvpe of stem has been derived from the vood 3 % unc ou 
independentlv in manv families. In a few families, such as t 
beridaceae, woody types have been derived from herbs. 
of this type have many features in common with herbs, especial \ 
ture of the primary skeleton and histological structure of the xy 

The Monocotyledonous Stem. — Secondary growth of the 
is typically lacking throughout the body of monocotyledons but ^e- 
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of cambial acUvaty in the bundles both of the stem and the leaves have 
been found in nearly all groups. The stele is luoken up into bundles 

ckmg and the limits of cortex, pericycle, and pith are often indis 
inguishable, since bundles are scattered throughout (Fig mA B) In 

Tc " P-sent a central r^^on ^Fig" 

—in which no bundles occur; in ideologically 

other forms a more or less readily V''"^ ~i 

separable cortical region ma>' also 1 - — — J T jh ~ — ^ ^ 

be seen. \ V— _) ''uT'l V 

The vascular system of most 1 V 

monocotyledons is highly complex. / \ — 

f he leaf-trace bundles are numer- ^ — k a 

ous and folloiv various types of B 

courses in their descent, uniting in ^ 

different ways with other strands / ]\ , 

(Fig. 12E-M). A common con- ^ ^ ^ 

dition is that where all bundles A i- 

arc common bundle.s. The traces, "U- _ 

upon entering the stem from the -( 

leaf, penetrate deeply, the median — ^ ^ J 

traces more deeply than the lateral, — 

and then in their descent return to^ 

'vard the peripher.y. The doiin- - 

'vard course may be vertical, or the 

traces may swing laterally and '/'CT/ \ / — 

>ecome oriented in various ^va^^s. ' 

"-ach common bundle sooner or — 

later fu.ses with other similar bun- 

' es The anastomoses occur Uoveioii.nri.VT^ kI:!*!;""* '"''“‘i? 


C p 

, . „ ‘-•.■■■MOIIIOSC'S occur ''ovilol;„,o!,V^ hunX'‘in 

c lefly at the nodes, and in some 

groups, such as the grasses are t-i/'-' ChamheHain.) ' 

abundant and largely re.stricted'to that region 

1/ Secomlanj Growth in Monocoh/lcdons — Th„ c , *• 

ormed in the monocotyledons is verv dilTe t f secondaiy tissue 

groups. The cambium does not iwodm «ther 

xylem toward the inside in the normal wT outside and 

amphivasal or collateral bunrs in na'^ . inner side 

^^i-ommonly called conjunclwe tissue The'"bundr''‘°'‘" 

defimte arrangement but may lie to some e^v "dthout 

fiional anastomoses occur, ilie extracambi I r Occa- 

extracambial tissues formed are small 
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in amount and parenchymatous in nature. In the (‘anibium layrr 
piopei, the divisions aie largely tangential, and (lu* ('('Ils so formecl arc 
consequently radially arranged. This order is usually evident in the 
conjunctive tissue and aids in the separation ol the secondary from the 
piimaiy tissues in which the interfascicular parenchyma has no definite 
aiiangement (Fig. 97). It is not evddent in the tissues of the bundles 
because of the method of development of these strands. A very small 
gioup of cambium derivatives divide longitudinally — at first anticlinally 
and peiiclinally, then haphazardly (Fig. 137) — forming a strand of cells 
that mature as xylem and phloem. The cells that form the tracheids 
become 15 to 40 times their original length; the other cells elongate little 
oi not at all. The tracheids may be scalariform, a t 3 ^pe rare in secondary 
^ tissue. The mature bundles differ from the primar}^ bundles in the small 
amount of phloem and the absence of annular and spiral protoxylem 
cells. In some genera differences in relative abundance of bundles and in 
wall thickness of the conjunctive cells set off weakly limited growth 
lings. The i elation of these rings to annual growth is unknown. 

Secondaiy tissue of this t 3 ^pe is indefinite in amount, as is that of the 

normal type, but usually develops slowl}'’, and large trunks are not com- 
monly formed. 

Increase in diameter of this t^^'pe occui's in the arborescent Liliifloiae, 
foi example, Dracaenay Yucca, Aloe, Cordylinc; some of the palms; I’ai’ely 
in heibs, as ui Veratruin; and in flesh 3 ^ parts of some of the Dioscoi'cae. 

The thickening which takes place in the bases of some palm stems is 
not due to the activit 3 '’ of a definite cambium lav^cr but is, I’ather, the 
lesult of gradual increase in size of cells and of intercellular spaces, and, 
larely, of the prolifei'ation of strands of tissue to form new fiber's; 
r’epr'esents long-continuing primar’ 3 ’' growth. 

The Vine Type of Stem . — The stems of vines ar-e of both structural 
types. ^lany vines, sircli as Vitis, Cclasfn/s, and Solatium Dulcafnarn^ 
have vascular steles in the form of wood 3 ^ C 3 ’'linders (Fig. 135C); others, 
such as Clematis, H umulus, and Pisum, have va.scular tissues ar’rangcd in 
the form of a r'ingof bundles (Fig. 135Z>). The.se bundles ar'e.separ'ated bv 
ra 3 ''s of par’enchv^ma, which in many forms ar’e incr’eased, like the bundle.'', 
l)V cambial growth. In such forms, as in the tvpe of herbaceous stem 
with discr'ete bundles, the X 3 dem and phloem ar'e higlilv specialized in 
structur'e — vascular r'ays ar'e commonly ab.sent; the ^^e.ssels ar*e por'on^ 

^ V 7 

and of lar'ge diameter and gr-eat length; tr'acheids and fibers ar'e pi’C- 
portionately few; siev^e tirbes ar*e of the highest type; and phloem paren- 
chyma and fiber's ar’e .scar’ce or lacking. Many \’ine.s show not meiel} 
these tissue specializations, brrt al.so pos.sess'anomalous gener’al structure. , 
In this group fall Aristolorhia and ^^enispermum, which, (rnfortunateh , ‘ 
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are often cited as examples of typical stem stn.ct..rc, and .ise<l to demon 
•stiate the origin of a woody from an herbaceous slem. 

n the stem of the young herbaceous vine, such as that of Pisum 
A^os, and Adlumta, the vascular bundles are separated by wide seg’ 
ments of parenchyma. In these stems the cambium may be restricted to 

acrot^^thr’ a complete cylinder by extension 

c.n.biu. ves.,.,, „ L .IZtnTo, .h“e ‘S “ 

r/L / f U fascicular cambium builds up the bundles as in 

contiZr Z Z '“"8“““' «s sccondaiy gro.vt 

continues, the stem apparently becomes a woodv stem The bundle 

however, a.ill separated, though b, wedges ot sZndar • ath th ' 
primary parenchyma. These radial plates or ravt nf 7 ^ 

extend unbroken from node to node^nff r ^ commonly 

pr^^eut structu,;. teatures Z7Z:ZhZZ; at'CZZ 

tMmilai parenchymatous segments are present also in see, • 

erzZar rrbZrr ^ »'™ z„'ZoZrz 

of lateral stresses to which a vine stem rpeculiaTi?Ml'bjtt '"'"If® 

this type of structure represents one tvnc of m Vfi ^ -^PPaientl}^, 

meehauical requirements ot vZ '"<»l'hc«t,„„ related to the 

“Medullary Rays” of Vines and WArUo t 

dissected vascular cylinders, the vascular bundlef 
separated by sheets of parenkvi^a v S ^^^ges 

and externally with the cortex (Fig 135Z) " pith 

i. nsuativ little or no evidence ItLSn ’ , pdrorToZ ZZ'* 

7 these bands, nor is there histological e^■idence that thev 1 f ^ 

^^pcally, even in part, to the vascular cylinder Since th 
radiating portions of the pith thev ^ i ’ they appear as 

When these primary a.rnZmfZrteZr.ZiZ 71“"“^*' 

f»- they closely resemble bi^d CdX'^ f n® f ^35 

•secondary wood and phloem For this •• * i ^'’’^'^eular rays) of 

-..inr r.,v. h.ve bln termed” Z'lXeZZ: 
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homologous. The theory that the woody stem is developed from the 
herbaceous stem is based in large pai4 upon this misconception. The 
broad rays of vines and herbs extend from node to node and often through 
several internodes and in this respect differ much from the vascular rays 
which are of very limited vertical extent. Further, they clearly repre- 
sent, morphologicallj^, entire segments of the vascular cylinder, being 
equivalent to many vascular rays plus the tissue surrounding and included 
between these rays. It is obvious that the same term should not be 
applied to both types of rays. The term ^‘medullary ra}^^’ as applied to 
rays of secondary vascular tissue is inapt, and has been supplanted by the 
term ^‘vascular ray.’’ Since the broad rays of vines and herbs, when only 
primary, resemble projections of the pith, they ma}^ perhaps aptly be called 
medullary rays, especially if this term is not applied to vascular rays. 
That they are not homologous with the structures hitherto known com- 
monly as medullary rays is obvious. 

Internal (or Intraxylary) Phloem. — In the siphonosteles of ferns 
the amphiphloic condition is usually prominent. Here the internal 
phloem forms a continuous layer and is closely similar to the external 
phloem. In the angiosperms, where internal phloem is also frequently 
present, this tissue is less conspicuous. It occurs usually as strands, large 
or small, more or less closely associated with the primaiy xylem (Fig. 
138). In amphiphloic ferns, where the cylinder is broken b}^ leaf gaps, 
the internal phloem unites with the external through the gaps, and amphi" 
cribral bundles are formed (Fig. 1391^). In angiosperms with internal 
phloem and broken vascular c^dinder, the internal phloem forms the 
innermost part of bicollateral bundles, as in Cucurbifa; where the primai> 
xylem forms a more or less complete cylinder, strands of internal phloem 
also form a fairly continuous la^^er. Internal phloem is in most plant^ 
only primary; rarely a cambium arises inside the primary x^dem and a 
small amount of internal secondary phloem is formed, as in Tecoma. 

The cells of internal phloem are like those ot external phloem, except 
/ that fibers are few or lacking, and the sieve tubes and companion ce - 
occur in small, restricted groups, surrounded by parenchyma (Fig. ' 
This parenchyma, together with that ot the protoxylem region, toinis t 
perimedullary zone of the pith (Chap. V). In ontogeny internal phloem 
develops later than external primary phloem. Such a layer is, of (ours ^ 
morphologically, a part of the vascular cylinder and not the oiitei a> ^ 
of the pith. Where an inner endodermis is present, this layer sepaia e. 
the inner phloem from the pith. The internal phloem and the 
endodermis are often continuous through leaf and branch gaps vit 

outer phloem and the outer endodermis. 

Internal phloem occurs in many families among the angiospei 
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lefly in the more highly specialized groups, such as the Solanaceae 

Gentianaceae, xMyrtaceae, Cucurbitaceae, Convolvulaceae \poc^ma’ 

ceae, Asclepiadaceae, Onagraceae, Campanulaceae, and Compositae ' In 
some of these p ants the internal phloem is applrently d^ ate- n 

theT y prominent part in conduction. The latter is 

and tubers of the potato. In the potato U^r except L r"" 

tral core, strands of internal phloem are presen’t throughout niost'<7the 
Wn inside the thin xylem cylinder. Like the pith, the cortex is narrow 
he storage tissue of the potato is, therefore, to a large extent a par- 



peric^cle 

-exferna! 

primaru 

phloem 

cambfcri 

zone 


-inhrnal 

primary 

phloem 


«nu»: r™'” ‘r? »' “ '«™ - - 

other plants, and in appendages gencrallv\hn ^ 

more or less distinct strands which -ire i > i tissues occur in 

«i«o distally with other similar bundles'^o? whirr"^ sometimes 

; A .eaeni, .liseussion of the vascular bun 11 ' 

'■•■'-...•e alone. Hun, lies are not, of 0^1,. Sri,.? for eon- 

«t'-'>, ture will be foun.l in other ebapterr 







C D 

I’Kt. l.il).— \ a.s(*ulai* bundles. Salxil l^ulrnetto^ eollat(M*al nionocot \'h‘don()Us l)undb> 

with heav\' l)uri(lle cap; li. Poly podium vidgare, aiiiphicrihial huiidlc; (\ Acorus (^alarnus, 
aiui)hivasal hundlc; I), Scn'/)u^< 1 1 m ot us, collattual uiouocot \'lc(loiious hundU', with sch*rca- 
ch\ rua slu^ath, two proniiuent vessels flanking the circular phloem mass. (A, C oudesy 
of the l\S. Forest Products Laboratory.) 
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tissues To these more or less free parts or extensions of the vasenl o- 
body the term vascular buruik is applied (t.'hap. \). The bundle s 
obvmusly, an important structural feature of the plant; but as sm-h it has 
doubtless received undue attention. The study of the stele and of tin- 
relationship of axis and appendages shows clearly that the bundle is 
ere y a segregated portion of the conducting system. In the axis the 
bundle IS not the fundamental unit of structure from which the x" u ‘r 
cylinder been built up. The diepoeitiun the ti.euee in „ " 

the primitive condition, and the dieciete bundles of axes are the' portions 
f such a cylinder broken up in specialization (Chap. \). 

Size and Shape of the Vascular Bundle..— Xascnhiv bundles vary greatlv 

tn and in rtlatioli 

o ei bundles and the central va.scular body. The various tvpes of 

un les in so far as they depend upon the relationship of xvlcin and 

p oem to each other in the bundle (concentric, collateral, etc ) and upon 

the course of bundles in the axis (cauline and common), have been con 

sidered in Chaps. IV and ^•. Since any es.sentiallv free stran^ytTe’ 

vascular system, large or small, can be called a “bundle,” a bumlle as seen 

m cross .section may consist of an indefinite number of cells woTx cr 

few, even two (Fig. 150). Bundle tips in leaves and fruits Iften Consist of 

Oblong, or elliptical, but linear, forkcd,^nd irregulmt r;ed1n=:^o 

Histological Strveture of the Vascular Bundle.-The proportionals 
amount of xylem and phloem varies much in both collateral md 
Pentric .ypu, „t bundle. In both type the bi.ndl. I" c^i.rhiS"; 

bundle, and bundle tip.) m.dc up „t .vylcm uT pbZ. a()ne ,7 n 

..Ch ta.ue. The phluom „t .i.eli bundle, mav e, i.i 1, i, ' 
tubes and companion cells- the wl^m ‘ i , 

tracheids or vessels alone This is the cm^^ 
and in some dicotyledons, such as certZ g n 

Under these conditions, the sieve tubes an, I n Uanunculaceae. 

'Cdiz^TS z'dC 

huhe ve.e,., ene „u eaeh “«h„..lde:‘''VreTS't:,ip:T» Tr 
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in fewer forms, there is one large central vessel, as in il/?/5a. In still 
other genera, there are several vessels much alike in size. 

Small bundles are, of course, largely or wholly of primar^^ tissues, and 
commonly have their cells arranged irregularl 3 \ In man}" dicotyledons 
even the primary vascular tissues are arranged in radial rows, for example, 
in Trifoliuin (Fig. 140.4) and Asclcpias. Where the bundle has a small 
amount of secondary tissues, the central part usualh^ shoAvs weak radial 
arrangement and the inner and outer cells are irregularly arranged. 

.Just as the proportion of primary and secondary tissues varies, so 




A B 

l iG. 140.- Collateral dicot.\'ledoiious va.seular bundles. .1, Trifolium pratensc, \ oung 
bundle, secondary' tissues in eaii>' stages, priinai^' xyleni radiall>' arranged, bundle cap 
iinmatuie; B, P)sum sativum, mature bundle, (ell arrangement distorted by vessel de^cop 
inent. 


does that of proto.xylem and mctaxylem, the former being coinmoni} 
large in amount in small stem and leaf bundles. The extent to whi(l‘ 
protoxylem lacunae are formed likewise varies; such spaces are especial!} 
large in many of the monocotyledons. 

Strands or sheaths of fibers are often associated with conducting 
cells of xylem and phloem to form a complex conducting and suppoitmg 
structure that was long aptly called a fibrovascular bundle.’’ 1 he 
was extended to bundles without caps or sheaths and came to be appuc 
loosely to all vascular strands, simple or complex. Morphologica . 
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the hbrous part ot the bundle may constitute a part of the vascular 

tissues bundle-cap fibers in some plants are a part of the protophloem— 

or may he outside those tissues. The term “vascular bundle" has sup- 
planted the older term. ^ 

The association of fibers morphologically e.xternal to the bundle with 
e vascular tissues is apparently connected with the mechanical rela- 
tions of support lor the organ concerneil, and support and protection for 
the softer conducting cells. The fibrous cells associated with vascular 
bundles-whefher a part of the phloem, pericycle, or corte.v-commonly 
toim caps or cre.scent-shaped masses (in cross section) e-xternal, or both 
exteinal and internal, to the bundle (Figs. 135 Z),F, 139 . 1 , £>) These 
caps may be united laterally by flanges of similar cells, so that a compete 
supporting and protecting cylinder is formed. AVhere the bundlenre 
lather widely separated, and especially where they are much reduced and 
yeeialized, they are often completely sheathed by fibers (Fig 13 qz>) 

The term “vascular Imndle” is used in studies of phvsiological anat 
omy to denote bundles without fibrous sheaths and in which the .xvlern 
and phloem themselves contain no fibers. In the physiological sens; the 

c, nT • milicates a bundle whose .xvlem and phloem 

contain fibers as a constituent irart of these tissues, whether or mU fibers 
external to these conducting tissues are also pre.sent. 

ANOMALOUS STRUCTURE IN STEMS 

majority of plants possess stelar structure of the 
pe considei-ed normal, many have unusual structure. This unusual 
struc lire is of many different types, which, however, fall into two gmup^ 

(a hose m winch a cambium of normal type anil persistence, bv peculi; 
anty or uregular.ty u. its activity, develops vascular tissues of' lumsi I 
arrangement and proportion of xylem and phloem; (b) those in which 
he cambium, and, eonseiiuently, the .secondarv xvlem and phloem ' 

J is 'epla;ed 

} othei cambium layers s/condarily formed These i ^ i • 

Hl»o may l.c „t cMci an.l (‘'''"""“I “ml,,,, 

tion» „t ,|„rt ,“2," I 

is added the aruimnlv rtf lU r ' ^ ri^odifications 

uueu ttic anomaly ot the presence of mediillarv and cortical l.nnriln. 

As a result, extremely complex structures are formed Tbl r . . I 

^tudilf ei'rof^^^^^ 




IS genus, ^ 

ichthyoctona 
umincTisc; J 
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_ JVher e a cambium, normal in position „„<| ,n..,iva,v, Jorm, i„ 
segments much larger proportions of xylem than of phloem and in 

t' in rt r f »'■ '“’y 

p ex as in hig. 141C. In some genera, as in Aristolochia (Fig 1410 sea- 

ments of the camBium form only ray-like parenchyma and, with intense 
tL*or ’T cambium are constantly given over to the forma- 

fped. Restriction of the activity of the cambium to certairreJoL 

stlsTFt' lTlF?"a «trap-like 

V S* arc foinied in the same manner. 

Stems of other peculiar shapes or types are formed by unusual nosi- 
tmn of the cambium. This layer, while the stem is young' is thronm^Mo 

develoD -separation 

aZl by themselves (Fig. 141,/). In some plants the cambium 

ppears originally m several separate strips, each of which surrounds 

tSsZLTr tissue. A stem with 

ucture appears to be made up of several fused stems This 

apparently compound condition becomes more marked as the stem 

becomes older and the parts separate as the outer layer-s of Lh stmnd 

way Sm f of periderm layers (Fig. 141£’). In this 

less Hke tb^s f composed of strands lying together more or 

abl L H K*! ^ similar structure is brought 

f Tu bieaking into strips of the original cambium cylinder and 

even of the vascular cylinder formed by this meristem, by the prolifera 
ion of xylem parenchyma (Fig. n\K). E.xcessive increase Tf paren- 

and^fb phloem ruptures the first-formed, original tissues 

d the cambium sheet which formed them. 

Inte^lary Phloem.— Variations of another type in the activitv nf 
he cambium produce interxylary phloem. Phloem of this type is secLil 
ary phloem in the form of strands embedded in secondarv x^em Thet 

^ inter.xylary phloem'comes to lie 

mbedded in secondary xylem. Although it is possible that there is onlv 

in ® described below), since behavior of the cambium 
uch growth types has been studied in detail in but few Dbint« T 

STS ^‘^K'^ents of the caSbiiim are 

< f tk P’’°^bice phloem cells toward the inside for a brief period in nln . 

such produced. After a brief period of 

^^trychnos, the interxylary phloem strands are formed bv tbn n ’k ^ 

‘».„i „,e ».r.f 
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strands later become embedded in the xylem in the following manner. 
Small segments of the cambium cease to function, their cells becoming 
transformed into mature conducting tissue. New segments of cambium 
then arise, as secondary meristems, in the phloem some few rows of cells 
out from the original cambium, or in the pericycle. These unite with the 
edges of the segments of the general cambium cylinder — which have con- 
tinued meanwhile their normal activity — and thus enclose a strand of 
phloem cells. This is repeated in other segments of the cambium so that 
the secondary xylem possesses numerous scattered strands of embedded 
phloem. 

The formation of phloem embedded in other secondary tissues 
occurs also in secondary growth in monocotyledons (Chap. VI). Other 
types of phloem burial are brought about by the development of accessory 
cambium layers external to the phloem, as discussed in the following 
paragraphs. In some genera, a combination of these methods occurs. 

Accessory Cambium Formation and Activity. — The formation of 
secondary cambial zones is responsible for man}^ of the unusual types of 
stems. These meristems commonly develop in the pericycle and function 
as does a normal cambium, or, when the first cambium has functioned in 
an unusual manner, repeat this peculiar behavior. Such secondary 
cambial activity follows the cessation of function of the first layer, one 
or even many additional layers successively appearing and ceasing to 
function. Thus a cylinder of alternate concentric layers of xylem and 
phloem is formed (Fig. 141B). The restriction of the extent of the 
secondary cambium layers to certain narrow parts of the circumfer- 
ence results in the formation of much ridged or flattened stems, and, 
where the secondary layers form on but one side, or on two opposite 
sides, of a strap-like stem (Fig. 14 IF). 

Of these types of modified stele, the majority are found in plants of 
special growth habit, many of them lianas; the modifications appear 
to be largely associated with the habit of the stem and with the mechani- 
cal demands upon its structure. 

In the Chenopodiaceae, Amaranthaceae, and allied families a some- 
what different type of unusual growth is present. Plere there is first 
formed a hollow cylinder of vascular tissue or a ring of irregiilaily 
arranged bundles. These bundles are partly of secondaiy nature, hut 
cambial activity soon ceases and a new, secondary cambium arises 
the pericycle just outside the bundles. In some species the cambiun^ 
forms tissues centripetally, consisting of bundles (similar to those alrea y 
formed) embedded in non vascular tissue. This embedding tissue, 
which has been variousl 3 ^ termed conjunctive tissue^ interfascicular tissue, 
and intermediate tissue^ consists of elongate, lignified cells, which in some 
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.he petiole eepaoafe,. .ratt.i.f rrpatt.rirLf 'f .i;r 

change of sti ucture or orientation In others fhAfro f i 

IfaTol'err V' 

In .iz,lrre:: ''T; ■■ '■■ 

arranged and ori.n.ed .„ any one „a„,v w.y.^ S! 



"' "• o'li. i. n... 


so formod may bo amijhiorihial within tlio notiolo t).> 

Pet.olo into tho I, lade, tlio vascular bun, lies usualK 

lateral structure with dorsal phloem- sometime, ^ ‘-ol- 

arranKement is maintained in the larger veins P<‘<'olar 

In many ferns the traces to a single leaf m'-.l. * 
t.on of the stele below the point of attachnmmt I'.'"' P<>'- 

most ferns a part of an amphiphloic sinhoo t i 

the stele become amphicribral bundles bvThe *iom 

internal phloem at the sides of the tr-ice 'Pt ”” external and 

endodermis also unite about the trices ♦*"' internal 

traces. Ihe.se bundles pass up the 
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which function in digestion, have more elaborate structure than typical 
bundle ends. 

The Bundle Sheath. — With but few exceptions, notabl}^ in some 
aquatic plants and delicate ferns, the vascular bundles of leaves are 
enclosed in a structure known as the bundle sheath. The elements form- 
ing this sheath are parenchyma cells elongated parallel with the vein axis 
(Figs. 146C, 1505) and joined laterally in such a way as to surround the 
vascular tissue with a tight sheath resembling an endodermis but lacking 






151. — Leaf structure, in cross section. 
), Zea ■*>1 y't ■ I O J « 




1 


lire, in 

mays. A, B 


A n 




C'asparian strips. In many species, for example, Malus pumila, 
cells contain chloroplasts and resemble the adjacent mesoph\lI ce 
except that they are more regular and elongated in shape and coiitan 
relatively fewer plastids than the mesophyll cells. In other spec » 
for example, Carya Pecan^ the bundle sheath cells are more 
differentiated from the mesophyll in that they take a different stain ai 


do not contain chloroplasts. . . 

The cells of the bundle sheath are in intimate contact on 
fares with the conducting elements of the vascular bundle or adj*^^^ 
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of the petioles and larger veins of i 

"Tiht i-rCs ::^ rsTeis^*""- 

the secondary tL^ues rLuTeT t Tmourt"”” 

elements is g .a,^ X”ed t ,tTT ‘r “■* »' ‘"'= '’““■“l‘'' 

elements aecompanied by ab„:T lTrmbtTsm:'ll " ”' 7 ^' 
companion cells and naipnf.ii,s,vs„ n . sieve tubes, 

(Fig. 150B). With further redncf^^ rt bundle sheath 

single spiral element (Fig 150rt) and tlf consist of only a 

parenchyma cell. In ,£ tmnitT, t ” 7"' 
tubes, eompanion cells, and parenchvma^^^lk f '^7 .‘^“Pt'almg of sieve 
single parenchyma cell the sieve tnKo K r • ?• made up of a 

in diameter to that or lUs than that of th disappearance is reduced 

est veins, the phloem mother cell fails to drifr'^^Thf ' 

I'"'' ■» '«™, haTS'S a' 

Bundle Ends. — The ultimate divisions of the t t 
leaves terminate in what are known as “bundle ends ” bundles in 
have more or less definite vein islets the h T ^ ^ 

mesophyll of the islet and end abruDtl’v ne. 

ends may be somewhat enlarged at the tin / * center. Some bundle 

grasses, or ia leaves without definite vein islct 7 the b "’a *' 
merely short spurs from the veins evtenrlino. •’ 4 ,^“"dle ends may be 

bundle ends and the small veins forming the ® The 

Phyll with water and nutrients ami h I ®"PP'y the meso- 

Photosynthesis. Because of the distributio^of th^T v°— f ^ products of 

through .be mesophyl, -fall^s uC “^.70 7 

example, the distance between bundle enri u 7 apple leaf, for 

vems bordering the vein islets is about 88 mklra " 

The structure of bundle enrie , • 

Probably in mesophytic dicotyledons thTbundir^^i* species. 

of a single spiral or reticulate xvlem eleme commonly consists 

specialized parenchyma cell, the two elem t* ‘"i^ccompanied by a single 
C ymatous bundle sheath. Such a bundle” s suriounded by the paren- 
■s Hhown in Figs. 150d, 146Z) The bnn n ""f the apple 

' insecti::” iL pt'ntTSr 
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fibers aliove and below the vascular tissue, the bundle sheath has contact 

✓ 

Avith the mesophyll on the sides of the bundle only (Fig. \N1B), 

The morphological nature of the bundle sheath is uncertain. The 
nature of the cells and their contents suggest that it is a part of the 
mesophyll which it resembles. 

Mechanical Support in the Leaf. — Considered mechanically, the 
dicotyledonous leaf is a complex network of strands which supports a 
relatively large blade or photosynthetic surface at the end of a slender 




Fig. 154. — Collencli>’inii in leaves. A, Ipomoea Batatas, midrib; B, 
vein of leaflet; C, Rheum Rhaponticum, petiole. {Courtesy of E. F. an 


Apium graveolens, 
(i E. Artschwager.) 


petiole. In this support, collenchyma, sclerenchyma, and the ' 
xylem play an important part. In early stages of development, c ^ 
lenchyma is of major importance in supporting the developing petiole ant 
leaf blade. Collenchyma is most abundant in the outer cortical 1^3 
of the petiole and the larger veins (Fig. 154.1, /i). It is also common .' 
associated with veins of intermediate size where it lies above the vascu * 
tissue. The turgor of the parenchyma itself is also important in supP 
during the developmental stages of the leaf. 

In dicotyledonous leaves fibers are usually associated ^''ith 
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vascular tissues of the petiole, where they occur as bundle caps adjacent 
to the phloem Groups of fibers are found also on both the ventrL and 
orsal sides of many of the larger veins. In this position, often in com- 
bination with collenchyma, these fibers above and below the vascular 

lh."1 ?f i ’’u*'" "■»* extending throng" 

This erne, led ■■ I-beam ” ctrnctnre i» con.idered moot efficient in etrengfi 
emng the leaf, and much ha. been n ritten empha.izing the them! that 
this arrangement of mechanical ti.cies provide, maxim,™ strenph vith • 
minimum amount of supporting tissue. ^ 

. , veins with their sclerenchyma make a network of plates through 

mesophyll into more or less definite compartmenfs 

Withm these compartment., the upper epidermis supports The pSe 

bssue n-hich ,s in a very real sense suspended from it. TrupiT.'^etSTr 

z;:tr;:!.-r?hTv“miiTsrr 

smaller and smaller vascular strands ihr^ 4- successively 

h«omes much reduced, unt;!" r.tli ‘TT.nX^lcl^TTS^^^^ 

l-ranchi^rsclerrrs, T^eS TlTXrXMT'TV 'T!! 

epidermal and subepidermal cells mesophyll, or by lignihed 

petir “XTreTS ZCS •'!:= 'T- ““ 

bundlrr associated with the vasS 

are derived%:;m^;;ir o"r ‘^ey 

mesophyll. This tissue usmilly forms the largL partTf^lf"'''! 
parenchyma, or palilade cells Iml Z 

mesophyll (Fip. 145C, 151d,B). Patcnchyma, or spongy 

vyliTdrlT'l ™i“T!.rg™m ,‘.TmmTr:!r'“^'*T 

pact layers near the venti-al, or upper sideTf the' aem- 

of the cells perpendicular to the leaf surface Th axis 

verse sections l.nce. .X "TTiT p2 ^ Xe^'' 

usually aparate from each other or at least eLored , 

part of their surface (Figs. 145Z) HQf Tn ,y, • ®Paces over a 

cells are joined end to end to form filament species, these elongate 

vpitiermis at one en,l and rvithX “ril"Th:lttXXh:!TiX 
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In leaves that stand more or less vertically or in a drooping position, 
palisade parenchyma may occur on both sides. A frequent modification 
of the columnar palisade cell is the cone-shaped type, which lies with its 
larger end against the epidermis. In many leaves, especially those of 
plants growing in water or in shaded situations, there is no well-developed 
palisade parenchyma; this is also the condition in the leaves of most 
gymnosperms (Fig. 182C), of grasses (Fig. 183C), and of other specialized 
types. The number of palisade layers and the density of the cell struc- 
ture in those layers depend largely, either directly or indirectly, upon 
light intensity. There may, therefore, be great variation in the pro- 
portion and arrangement of the palisade parenchyma in the same species 
growing under different conditions. The mesophyll structure of leaves 
from different parts of the same plant also shows considerable variation 
depending on amount of light and other factors. 

In the spongy parenchyma, the cells lack regularity in shape and are 
arranged loosely, so that a large part of their surface is exposed to the 
gases in the intercellular spaces. Some cells are veiy irregular in shape, 
with radiating arms connecting with the arms of similar cells, thus making 
an irregular network of green tissue (Fig. 146C). In some species, the 
spongy mesophyll cells form a network of filaments that arch over the 
stomat a! regions and connect directly with the bundle sheaths (Figs. 145C, 
149). 

The lens-shaped chloroplasts in mesophyll cells are usually located 
next to the cell wall with the sides of the disk parallel with the wall. In 
elongate palisade cells the plastids may be arranged in several vertical 
rows. Chloroplasts can change their shape with changes in light inten- 
sity and other factors. With light of low intensity striking the leaf sur 
face from above, the plastids may become more nearly spherical and thus 
expose a relatively large surface to the light. AVith intense light t e 
plastids may become flattened so that light strikes onl}^ their thin edges. 
Other variations in chloroplast orientation have been reported. 

The internal structural conditions in the leaf are advantageous to t e 
function of photosynthesis. Briefly, these are, in part, the exposuie o 
a large number of chloroplasts to sunlight, the exposure of a large ce 
membrane surface to the intercellular spaces where interchange of gases 
takes place, and such an arrangement of cells in relation to each o 
and to the vascular bundles that the products of photos^mthesis can 
rapidly removed and the cells supplied with water and mineral niitiients. 

Epidermis of Leaves. — The epidermis envelops the tissues of the ca 
with a protective la3^er broken only by the stomata and the hydatno^^^^^ 
The general nature of this layer, the shape and size of the cells, and t^ic 
structure and mechanism of stomata have been discussed in Chap. 
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of the monocotyledons are the tubular leaves characteristic of some 

Npecies of Alhum and Narcissus. The flattened leaves of Ms, V-shaped 

at the base, show bundles on the one side inverted with relation to those 

on the other (Fig. 156). The inversion of bundles may have come about 

by the longitudinal folding and fusion of the halves of a leaf as in Ms 
or by the flattening of a tubular leaf. ’ ’ 

Of special interest are the leaves of the palms. Here are found the 

25"fr species have an overall leaf length of 

the result of a splitting of the leaf blades as they e.x-pand.’ The Terves If 




9 ^ 
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7 , - 

vascular bundles inverted. (After Arber.) ' ' ^ of leaf fused and some of the 

Plex leaf alructure. The leave, of the .ls2 L allt * ' ‘ 

tuie, with variation, re,ulti„6 from ad.ptatiorto x. 'V,''"*' “™'- 

«t a skeleton of parallel variiul.r bundle, btta eel u hS th 

their length and, except for occasionll smiu LVnrtinrsf 
separate from one another. Frequently the leaf m a® strands, are 

median bundle associated with a pronounced midrib rT ^ ^ 

dorsal side. The other bundles mav be ef fw 

chiefly only in the amount of mechanical anrl T differing 

antire leaf consist, 1 a ,1“^ btcTnd^’;- ''‘".7", 

rounds the culm lor .omc distance and me« ml ' T 

joint with the leaf blade, which is set „ A ® ” Prominent 

many species the sheathing base extenfl« K the culm. In 

branous structure called the ligule ^ ^ short mem- 


38G 


INTUODVCTIOS 


TO PLANT ANATOMY 


Sclerenchyma in the Grass Leaf . — Sclerenchyma in grass leaves is 
usually associated with the vascular bundles. In the larger bundles there 
are often two strands of fibers, one above and one below the vascular 
tissues. These join with the xjdem and phloem to form a plate of hard 
tissue extending through the leaf (Fig. In smaller veins the 

strand of fibers may be on the dorsal side of the leaf only and joined either 
with the vascular tissue or free from it (Fig. 157/?). In some species, 
strands of fibers occur beneath the epidermis on both sides of the bundle 
but free from it (Fig. 1577)). Small bundles may lack sclerenchyma 



Fig. 157. — Types of sclerencliyma distribution in the grass leaf. A, Festuca dunu3Culo., 
showing sclerenchyma strand on the margin of the leaf and strands on the dorsal side free 
from the vascular bundles; B, Ehjmus arenarius, showing strands of .‘•clerencliyma 
above and below with vascular bundles forming I-beam plates of tissue through the lea 
C, Festuca ovina, showing sclerenchyma over the dorsal surface only; D, Agrostts canino. 
showing strands of sclerenchyma on margins and on both sides of the leaf but free from ^ 
vascular bundles except for occasional I-beam plates. Vascular bundles. stii)pled; sclerci 
ehyma, crosshatched. (After Leirton-Brain.) 


altogether. There is thus great variation in the amount and position 
of the fibrous strands. In addition to ihe sclerenchyma associated vit 
the bundles, nearly all grasses have a strand of fibers along each edge o 
the leaf (Fig. \57A,D). In leaves of some xerophytes, hard tissues 
may extend over the entire dorsal side (Fig. 157^'). 

Bundle Sheaths in the Grass Leaf . — Among the characteristic fea 
tures of grass leaves are the specialized tissues immediately surroun ^ 
inc; the vascular bundles. These occur commonlv as two layeis 
cells, each one cell thick, completely surrounding the bundle nex 
the vascular tissues. The inner sheath is more or less thick-walled anf 
lignified, resembling an endodermis in general appearance. hethei 
this is an endodermis in the strictly morphological sense is doubt i 
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resembling sclerenchyma. Great variation occurs in the extent of cutini- 
zation. In surface view the cells do not show marked irregularity of 
outline as does the epidermis of many dicotyledons. 

A t^^pe of cell common to the leaves of nearly all grasses is the so-called 
motor cell, or hullijonn cell, which, apparently, constitutes the mechanism 
that functions in the rolling of grass leaves in dry weather (Fig. 151Z)). 
These cells have much more depth than the ordinaiy epidermal cells 
and are arranged in rows extending throughout the length of the leaf 
upon its upper surface, frequently lying at the bottom of well-defined 
grooves (Fig. \blB,D). The cells are thin-walled and lack chlorophyll, 
and with decrease in their turgor the leaf rolls upward and inward. Some 
species possess onl}" one or two rows of this type of cells, whereas others 
have many. Few species lack them. At the edges of the groups of 
motor cells, as seen in cross section of the leaf, there are cell types transi- 
tional between typical motor cells and the ordinaiy epidermal cells. 

Arrangement of the Stomata in the Grass Leaf . — The type of stoma 
found in the leaves of the grasses is surprisingly uniform, considering 
the diversity of habitat in which grasses are found. The stoma of the 
grass type is described in Chap. V (Fig. 791, J,K). The stomata are 
elongate with their long axes parallel with that of the leaf and the epi- 
dermal cells surrounding them. The^^ are usually arranged in rows 
alternating with rows of epidermal cells. Freqiientl}^ several rows of 
stomata are spaced close together between wider bands of epidermal cells. 
Although in a considerable number of species stomata occur upon both 
surfaces of the leaf in approximately equal numbers, in the majority of 
species these openings are more numerous in the upper epidermis and m 
some species, chiefly xerophytic, may be wanting upon the lower side. 

Various types of hairs are found in the epidermis of many species. 
Short, stiff projections, which give the surface of the leaf a harsh textuie, 
are particularly common. In some forms these teeth give the leaf margin 
an effective cutting edge, as, for example, in species of Leersia. 

Persistence of Leaves. — A large proportion of the gymnospeims, 
many tropical and some broad-leaved, temperate-zone angiosperms, 
retain their leaves for more than one season. In evergreen plants possess- 
ing secondary growth, as in the gymnosperms and some dicotyledons, 
the persistence of leaves for more than one year involves the lengthening 
of the leaf trace as successive annual layers of xylem are added b\ ^ 
cambium. This lengthening is accomplished by the activity ot a specia 
ineristematic laver in the trace itself (Ghap. ^d). Ordinarily, the neec c 
leaves of the gymnosperms and the broad leaves of angiosperms do 
persist more than three to five years, after which time they are cut on^ ^ 
abscission la vers in the same manner as are deciduous leaves. In a c 
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CHAPTER XIII 

THE FLOWER— THE FRUIT— THE SEED 

THE FLOWER 

Anatomicallj’, the flower is a determinate stem with crowded append- 
ages, with internodes much shortened or obliterated. The appendages 
are of leaf rank but differ from those of the vegetative stem in function 
and appearance, and the uppermost ones are often so placed as to appear 
terminal on the axis. But the flower is a t 3 'pical stem differing in no 

fundamental way structurally or ontogeneticallv from the normal stem 
with leaves. 

Ontogeny of the Flower.— The flower develops from an apical meri- 
stem that differs in only minor ways (Chap. Ill) from that of a leafy 
Stem. The early stages of floral-appendage development are closely 
like those of leaves. All organs develop laterally on the apical meristem, 
initiated by periclinal di\ isions below the surface layer. The sequence 
of development of the whorls of organs varies but is commonly acropetal. 
All organs have, at least for a time, an apical meristem, and those that are 
laterally expanded have marginal initials. Procambium develops 
acropetally in all organs as does the phloem. The xylem matures either 
acropetelly or both acropetally and basipetally from one or more points of 
leginnmg near the base of the organ. In carpels, especially in syncarpous 
ovaries, connection of the early-formed xylem with the xylem of the 
receptacle may be long delayed, even until the fruit is partly developed 
ihe carpel remains an immature organ until the fruit is mature. In 
various parts it retains meristematic tissues of different types The 
other organs arc usually mature in the flower. Where fusion is present 
the fusion may bo ontogenetic, as it is frequently between carpel margins’ 

>r 1 may be phylogenetic, the fused organs arising from a common 

.afled <?’ »’-en 

organs arise as independent 

'bans liom independent apical meristems, for example, the members of 

a gamopctalous corolla, the initiating regions may shift from the apex to 

struetr" “"'J. «''Kans then continue growth as a single 

. tructm-e with only the vascular tissue showing its compound nature 

Adnatc organs, m any number, may arise independently but late- 
iiiue growth Iroin a single meristematic region as a fused but super- 
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ficially single structure. Such apparently simple structures may show 
evidence of their compound nature in the presence of independent vascu- 
lar bundles for every organ within the common structure, or the vascular 
skeletons ot the organs ma}" also be so intimately fused as to show little or 
no evidence ol their multiple morphological nature. The structure of 
mature floral parts is discussed in later pages and under Fruit. 

The \ ASCI' EAR Skeletox of the Flower 

The Floral Stele. — In structure, the pedicel is a typical stem with a 
ring of vascular bundles or an unbroken cylinder of vascular tissue. As 
the stele enters the receptacle, it conforms in shape to the shape of that 
part ot the flower, commonh" expanding and then constricting in its upper 
part. From the receptacular stele depart the vascular traces to the 
various floral organs (Fig. 158), traces which in origin, structure, and 
behavior are similar to those of leaves. Gaps accompany the exit of 
these traces, and the gaps and the crowding of the organs break up the 
cylinder into a network ot strands (Fig. 158). Often the vascular cylinder 
is further dissected, as in the stems of herbaceous plants with reduced 
vascular cylinders. The receptacular stele may be simple but is usually 
highly complex. 

1 he traces to sepals, petals, stamens, and carpels are given off succes- 
sively Iroin the stele in whorls or in spirals, according to the manner of 
arrangement of these organs in the flower. (Many organs that to 
external inspection arc apparently whorled, such as the petals of some 
Ranunculaceae and the stamens of some Rosaceae, can be seen from 
anatomical evidence to be arranged in flat spirals.) The distal bundles 
of the receptacular stele commonly become the traces of the uppermost 
carpels (Fig. 158C,Z)), but in many floral t^'pes stelar bundles continue 
beyond the point where the last traces are gi\'en off and gradually fade out 
in the top of the receptacle (Fig. 158.1, R). Such bundles are vestigial 
and usually consist of procambium or phloem only. 

Traces of the Floral Appendages. — The traces to the various kinds of 
organs differ in number and, except in sepals, bear little or no relation 
in this respect to the leaf traces of the plant. The number — which i^ 
always odd — ranges from one to many. In all floral organs, constancy m 
trace number throughout angiosperms is high. 

Sepals. — Sepals commonly resemble bracts anatomically, ^^ ith fc" 
exceptions, they have a trace supply similar to that of the leaves of the 
plant. 

Petals. — Typically, petals have a single trace, regardless ol size, foim> 
nature, or time of persistence. Three to several traces are present m 
some families. 
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and with ovules borne near the margins. This concept is borne out by 
its anatomy. 4 he carpel has one, three, five, or several traces. The 
three-trace carpel is most common and the fiv^e-trace carpel is frequent, 
those with higher numbers inlrequent. The one-trace carpel has clearly 
been derived by reduction Irom the three-trace. The median trace, 
which leaves the stele bet ore (below) the other carpel traces, is known as 
the dorsal trace because it becomes the dorsal (midrib) bimdle of the 
folded organ. (Ihe term “trace” is applied in the flower, as it is in the 
leaf}' stem, to the strands ot Avascular tissue that depart from the stele as 

appendages. The continuations of the traces within the 
appendages are called “bundles.”) The two outermost traces are called 
ventral or marginal traces because they become the bundles that rim along 
the ventral edge of the carpel — along or near the margins of the organ, 
if it were unfolded. Within the carpel, these bundles as compared with 
the dorsal bundle and the bundles of all other organs are inverted (Fig. 
162). The upward and inward folding of the sides of the carpel brings 
about the inversion of these ventral bundles. In relation to the surfaces 
of the organ the bundles are normally oriented. Where there are more 
than three traces, the additional traces lie between the dorsal and 
ventral traces and are known as lateral traces. The orientation ot the 
bundles that are the continuations of these traces depends upon the form 
of the carpel and the position of the bundle; many are halt-inverted 
(Fig. 162c, /). Any or all of the bundles may be branched — and othei 
branches commonly develop during fruit formation — but only occasional 
species have branching ventral bundles, and branches of these bundles 
running toward the margin are rare. 

The vascular supply of carpels is the most complex in floral organs 
because of the folding of the carpels and the fusion of the margins, 
because the carpels constitute the uppermost organs and derive then 
traces at the top of the determinate receptacular stele where the vasciilai 
bundles are reduced and fade out; and because the carpels, owing to their 
close proximity to one another, tend to become fused and form a syncai 
pous ovary. 

Ovules . — Ovule ‘traces” are derived, except in a few families an 
genera, only from the ventral bundles or from placental branches of these 
bundles (Fig. 163). The trace normally is a single small bundle that 
leads to the base of the ovule or enters it, passing as far as the cha a 
region. It does not enter the micellar region but in some genera sene . 
branches into the integument. Where an ovule represents the suiM'^i^^ 
member of a group in which reduction has occurred, it may nave i 
tured” the trace supply of two or more ovules, or even of two or 
placentae. The ovules of angiosperms commonly have no ^ as 
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vascular cylinder of determinate leafy stems.) Figure 159z shows the 
carpels nearly free from the receptacle, vdth their three-bundle supply. 
Figure 159j (above the receptacle) shows cross sections of the typical folli- 
cles with their dorsal bundles, and their pairs of inverted ventral bundles. 

Pyrola. — Figure 158C,D, shows the vascular structure of the flower. 
C shows the vascular cylinder split down one side and spread out; D shows 
a side view of the vascular cylinder with departure of traces to members of 



^ ' een in 

159. — Diagrams representing vascular structure of flower of ^^^es%ip- 

series of transver.se sections from pedicel to level above top of receptacle. Dc ai 
tion in text. 

all whorls of floral appendages. The receptacular stele ot this 
no vestigial part beyond the ventral traces to the carpels. Ihe \ 

of the pedicel is similar to that of Aquilcgia. In contrast with ^ 
each sepal has but one trace. Petal and stamen traces are also sinii a^^^^ 
those of Aquilcgia, although the number of stamens is less anc 
mens are set in two close whorls. Above the departure ol t 
carpellary traces the stelar bundles unite in twos to form five 
each representing the two ventral traces of a carpel. Into t le 
of these traces goes all of the remaining vascular tissue. 
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Anatomy of AIohe Complex Kloaveks 

Fusion in the Floral Skeleton. — In the specialization of the flower, 
fusion and reduction of appendages have been the outstanding changes.’ 
stages of co/imon— where members of the same whorl arc fused to one 
another— and of adnation — where members of a whorl are fused to mem- 
ers of a whorl above or below— are found in many families. Evidence of 
reduction is to be seen in vestigial structures and through comparative 
s u y of related forms. In the evolutionaiy history of fusion, organs arc 
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iu^('t.h('r by gamosepaly, gamopetaly, syncarpy, and the marginal tusion 
of th(' uj>folded margins of the carpel. It can be simply shown by 
exam])l('s. The gamosepalous calyces of the mints show all stages of 
fusion of the vascular tiss\ie. In Xrprfa (Fig. IGO/I) each sepal has a 
midi’ib and two lateral bundles; there is no fusion. The calyx of Ajnga 
(Fig. \i\{)D) shows the pairs of adjacent laterals fused nearh" to the 
sinuses. The zygomorphic calyx of Blcphilia (Fig. lOOE) shows two 
pairs of laterals fused and three pairs free; that of Trichostcma (Fig. IGOC) 
a similar condition, with the free pairs fused slightly at the sinuses. A 
taxonomic character, number of calvx ribs, sometimes used in generic 

7 ^ f 1 

distinction in the Labiatae, is based on the extent of this fusion of lateral 
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Fk;. l()l. — Vascular system of gamopetalous corollas showing fusion of 
hunclles and lo.ss of bundles in reduction. .4, Helinnthus dirdricaf ns; B, Senecio trernon 
(\ Chrysanthemum Leucanthemum; 1), Xanthinm orxentaU. In all examples 
lateral bundles is complete nearls' to the sinuses; in ('hrysanthemum, the Iree en ^ ^ ^ 

lateral bundles have been lost. Stages in loss of median j>etal bundles aie slO^'n. 
bundles unreduced; B, basal i)aits lost; C, I), bundles absent. {After Koch.) 

bundles. Examples are seen in Motiarda (Fig. lOOA'), with 15 bundles, 
no fusion; Phi/.^ostcgia (Fig. IGOF), with 10 bundles, all pairs ol lateia s 
fused; and Salvia (Fig. IGtK/), with 13 bundles, two pairs ot latcials fusee . 
In petals (Fig. IGl) and carpels (Fig. 1G4) similar fusion is common. 

The folding of the carpel presents the simple.st type ot fusion 
cohesion in the gynoecium (Fig. 1G2). The two ventrals are brought ( o^^ 
together, forming the pair of bundles characteristic ol the veiitial ^ 
the primitive carpel, the follicle (Fig. lG2a,5)- In earliest 
stages the carpel margins merely touch or are lightly fu.sed (^|S- ^ ^ 

(The carpel is even not completely closed in some genera.) ith c o»c^ 
fusion, the epidermal layers on the surface ol contact are lost and t le 
bundles form a double bundle (Fig. 1626, c); with comi)lete fu>ion 
become a single bundle that shows no histological or ontogenetic e\ k en 

of its doubleness (Fig. lG2ry). ntral 

Fusion in the vascular tissue of a carpel may be present in the \en 
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bundles from an origin as one trace throughout their length, or may exist 
only m part of the carpel (Fig. 163); where the ventral bundles arise as 
separate traces, they may unite at any point in their course. A carpel 
with two bundles, a dorsal and a ventral that consists of two bundles may 
have one or two traces. Further, in much reduced carpels, especially in 
achenes, all three carpel traces may arise as one and separate only at the 
base of the loculus (Fig. 168/, ». In any carpel, fusion may also occur 
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bundle is morphologically double and represents either the two ventral 
traces of one carpel or one from one carpel plus one from the adjacent 
carpel. Where syncarpy arose while the carpels were still open, fusing 
margin to margin and enclosing a common locidus (Fig. 164) — or where 
the septa have been reduced or lost, and placentation is parietal — the 
ventrals of adjacent carpels lie in pairs, or fused, in the outer wall 
of the ovary (Fig. 164.4). Carpel limits in such ovaries run through the 
placentas, which are morphologically double structures, each half belong- 
ing to a different carpel. 



B 



Fig. 163. — Vascular supply of the carpel. A, three traces from three gaps, the 
within the carpels unfused to the stigma; B, three traces from a dissected ^ 

soon fused, only two bundles in the carpel; C, the ventral traces arising fused but 
free in base of ovary. In B and C, the top of the floral stele is used up in t le oi 

of the ventral traces. 

Fusion under Adnation . — Whenever members of one whorl become 
fused to those of other whorls — whether the whorls consist of like or o 

different organs — their vascular bundles tend to fuse, as imdei 
Fusion takes place between bundles that are near together either la ia^^3 
or tangentially and may involve any number of bundles belonging to ^ 
or more whorls. Stages in a simple example — that of the 
stamen — are shown in Fig. 165F-/ and described in the legend. 
stages can be seen in many families, the Crassulaceae, for cxamj 
Fusion involving several whorls, with union extending varying dist am* 
from the trace origin, is shovm for Rosaceous flowers (Fifr. 1(1' 
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The Inferior Ovary. — It is apparent that an inferior ovary can be 
formed by the adnation of the sepals, petals, and stamens to the caipels 
or by the sinking of the gynoecium in a hollowed receptacle, with fusion 
of tire receptacle walls about the carpels. From anatomical evidence, 
it is clear that the inferior ovary in nearly all families is made up o 
appendages fused to the carpels. In the ovary walls of some plants, 
Alstrocmcria, Hedcra, for example, the traces of all adnate organs run 
free to the base of the ovary in the positions they would have if there were 



^ • * 1 A! 

Fig. 106.— DiaKrani.s of vascular structure in inferior with each 

B. Hedcra helix, with bundles of the calyx, corolla, and stamens .Jughine nxgra 

other or with carpellary bundles in their course sepals, bracticts. 

(flower with adnate bracts and bractlets as well as sepals). ; „,i p,. (Ventral 

and bracts fused with carpellary bumlles f' after Manning-) 

carpellary bundles not in plane of section.) (.-I, after I an 7 xeghem. ( , ajtc 

no adnation (Fig. 1G6.1,B). 1 here is no fusion. ^ for 

however, with inferior ovaries, there is fusion within p.-icaceae 

various distances, as in J uglans (Fig. KKiC) and some of the ^ 

(Fig. 1()7.1-F). The “ovary wall” in such forms, as is s 
position and course of the bundles, clearly consists of the tiue c . 

plus the tissues ot the adnate organs. ^corilv involve?^ 

The sinking of the gynoecium in the d contains 

invagination of the top of the stele. An “ ovary wall 

two cylinders of stelar bundles, the inner in\ei te . are 

the distal part of the receptacular stele, from which t ^ P are 

derived, turns downward and the morphologically uppei 


wall 
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X tat i/;:s ssxtxtx' ‘r "t 

lar nature. In a few <>-enei-i tlm ti ' r ti I’eceptacii- 

carpels line the cavity .“as in Korn (Fie 

aides of the .eceptacniar cnp arc not fused to htiaStutT' 
remain superior. The flesh v fm it nC ti, . • . ovaries 

tacle; in its upper part it con i t t f ^ ***’ lower part, recep- 

hy the course 

meat of the peculiar ro«^P f f r -I ^ i ^ ’ ^^tages m the develop- 

Z‘'r r' 

represent fleshy receptacles of similar nMure But ‘n 
apple tree belong to widely semratn<l • ^ 

»how„ by ..xo„Ln„d or tZtuI Tv u" “ 

and their fruits are not homologous Tl ‘‘'^atomical evidence, 

tree and cloiseljc related aenera up f T tl‘e apple 

all the floral parts arise fiom a receptTciro? 

mverted stelar bundles. Adnation is extensive ma T-pf 

radii, sepal median trace fv. . i ^rie set of 

united; in radii alternate with these '^'‘^'^•'f^urpellary trace are 

petal trace, and three stare^mT 11“ 'Tc“' 

the various organs CaXtends for difiV • f r of the traces of 

carpellary withothertracesonlyashortdistancr^^T’l 

traces alone show no fusion with other traces Hist I ®"‘''P®llary 

the carpels can be seen in some varieties of apnle 

receptacle forming only an insignificant bit auL 1 s r" 

^Fi? ^evei;pmen?:rtrt::y 

- P.Wes, 

that a cross section shows only a few hnnHIo • ti appendages so 
(Fig. 1076',//). ^ the outer ovary wall 

- IttTr! taTctafo XTo"r7 T 

ally tuced, a, in MUeheUa, iladura, ao,ue“pcc'a otT’ «'“‘<»ni- 

Such fusion usually involves only the Ivis.,! ^ ^ und Comus. 

'■.rta cpcoicc of Unicer. ch.Tl “X ,r "''“"a- 

two flower. (Fig. 1 05S-fi) ; J/.VcM,„ T' 'cT"”' 

of two, rarely three and four flowers. In tl.n ^ lusion ot the ovaries 

P ete m the most intimately fused species tln/*^ genera, fusion is so com- 

flo'ver are fused to those of the othe, On! ^'”",1 

»«r.v muy ,„pn,v p„i„„.|, p„,^ TT flTer!;“ 
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»nee-flo„ J, a„d nluZ.f/w.h.r: 

packed I 

parts of three other bracts. Fusion between th^ ’ ^ by 

surroundinii: bracts is histniry ' 11 1 o\aiy and the four 

ep. . . 's histologically complete to the ton of th^ ^ 

Ihis fusion extends throii<rhr,i.+ +Ura • a ovary, 

bracts snd thl ^P^'ighout the inflorescence, uniting all ovaries all 

cX^‘r::e^l ™:,;a:L:ir:h - 

adia^n. bracts ate otten tnsed andTn'pp’T.ltlr'*' 

peduncle " 

Slrcpfop„s)_givi„g supra-asillarv inllorc‘ccnJS-the‘T 
may also be fused and structurally complex. ^ 

Placental Vascular Supply.— J^ecause in 

bundles give rise directly to o^-ular traces 
incorrectly, called the “placental supph- m foir 1 
some other types of ovaries, the placenta is meieh a 1^.;^ "7’ u ^ 

fleshy eniurgc^enf "f a.::rlnrihe mlrdi <>«“ 

by branches from the vontrals, which brandiin, fi, rib'*' “ “''’■’'“’fl 
ovule traces, as in the Ericaceae and CucmSt “ ‘ mb 
placenta in a syncarpous ovarv obvio.. ovules on a 

supply from different cari I’eceive their vascular 

reduced from an earlier a^r nlber tt s::""*- 
ett^^a^a; in extreme re'^'.lV- 'omelyZ'S 

and outer Btamen7:;7;i:Z'T.-7Tr— me_^es of basal and 


many flowers the ventral 
these bundles have been. 
In follicles, achenes, and 


'Vitl. that i„ / . H rr'T '"",*‘^1 aud ,sta..,ons-siM n‘' f’ "PPe-- two- 

'■ai^wt'v >-'-'0.™;!!':: ••• 

•u llic ton bn, il*** ” a' .' : .Ifo/tfd /tttmiVa tlio ”< i ^ mbe adnate to carpels 

-o, z :i:; d:^^rr;:ii -- ^ 
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free-central placentation — one or two ovules may have the vascular 
suppl}^ of more than one carpel (Juglandaceae; Pol^^gonaceae). (Anatom- 
ical structure demonstrates that no angiosperm ovules are cauline.) 

Vestigial Vascular Tissue. — Evidence of the structure of ancestral 
floral types is frequently found in the vascular skeleton of modern flowers. 
The presence of vestiges of the vascular stele at the tip of the receptacle 
has been discussed (Figs. 158, 159). Remnants of the vascular supply 
of lost organs may be present in the tissues of the receptacle when 
all external evidence of the organs has disappeared. Only rarely does the 
vascular supply of a vestigial organ disappear while external remnants arc 
still present. The vascidar vestiges of lost appendages are usually stubs 
of traces buried in the cortex of the receptacle. The lost organs so repre- 
sented may be entire whorls, especially of petals and stamens, or indi- 
vidual members of persisting whorls. Traces to lost petals are common in 
apetalous flowers: Aristolochia; Rharnnus (apetalous forms); Salix, 
Quo'cus (some species); to lost stamens, for example, in Scrophulanaceae, 
Labiatae, Cucurbitaceae, Lysimachia^ Chionanthus, Lychnis, to lo^t 
carpels in Caprifoliaceae, Ericaceae, Rutaceae, ^'alerianaceae. In 

unisexual flowers there are commonlv external remnants ot lost organs, 

1 

in those in which such vestiges have disapi)eared, vascular traces may 
present within the receptacle: Fagaceae; C'aryophyllaceae; Urticaceae. 

Traces to lost ovules are among the commonest vestigial structuies in 
the flower. They are frequent in some families, especially the Ranuncu 

laceae, Umbelliferae, and Rosaceae (Fig. 168/i,A’,A )• 

Reduction of Vascular Supply within an Organ. — As reduction occui^ 
in an organ in evolutionary specialization — for example, as a follicle vi 
several ovules becomes an achenc with one ovule; as a corolla become- 
greatly reduced in size in the crowding together of small flowers in a e‘ > 
as in the Compositae — the vascular supply of the organ is greatly lediice 
In carpels either the dorsal or the ventral bundles may be shoitenec , t 
latter extending only to the ovules. In e.xtreme reduction the 
carpellary supply consists of a small bundle running directly fioin 
receptacular stele to the ovule. Stages and variety in this loss aie s 
in achenes (Fig. 168). In the stamen, the bundle, which cominon^^ 
extends to the anther, may enter only the base ol the fllameni. 
the petal, either median or lateral i)undles may.be shortened oi 
the gamopetalous corolla, the median bundle is more olten lo^l 
161R,C,/)) and the fused lat(‘i*als persist; the latt(n- may be 

length (Fig. 1 ()!/>>). nioid.'' 

The Sepal and the Petal. — Roth th(‘ sepal and the i)etal aie ^ 

leaf-like in form and gemaal appearance. Structurally 
is like the Iccit oxco])t when it is ])etiil()i(l. 1 \\o pettil is 


the seed 
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differs iu many ways from the typical leaf 
(Fig. 169). The vascular system is commonly reduced in amount and in 

supporting tissues. The mesophyll is simple in structure : there is usuall v 
no palisade layer and the spongy tissue consists of few cell layers f'hrr^ 

simple than that of leaves"’ Its cell’s a7e "commonly 

?ove"tal?™’th^^^^ lobed in outline and 

ovetailed with one another. With this shape and arrangement thev 

ubtless form a layer mechanically stronger than one consisting of celk 

0 f^pler t„™. The cells ot one or bolh surfaces a™ us^a ly pa^ ||,S^" 

ab “nt tI H ,? no^funcZir^r 

has these I ^ o ^ chloroplasts except when the mesophyll also 

has th^ plastrds. Secretory areas and glandular hairs are ZZ 

Intereell^ar spaces usually lacking in the epidermis of I.aTes a7fre: 

9 • hey he in the loops or lobes of the cell wall (Fig 170C D E) but 

being very thin on delicate, ephemeral petals. ^ 

tions tn variations from, and e.xceu 

■zed tvne of described above. The less highly special 

chltoXsl ^ ^ "’""k palisade layer 

hypodermis, and supporting tissue about the laLer veins The ? 

even most of the main bundles lost, and ivhoUy trtthou Z 
laTeZr* d'T*' «»"=>»(« of one to three poor^Sed 

iZT p r7: Yhintri'? r;'” r: “'o"* 

Thss „ of the petal consists of epidermal laver^i onl„ 

witheu';' sZaZZlT' » “loved cell sap, and 

of iltZS 7yZymr'T7‘T'“ '"I’''' '■'lolly 

»;eak or strong, often amphicribral bu^dSs, 7 “””7 dLtaZ'a'd 

eol;T;7n"r„rrlt.7t"o1r' i;: z ‘'o" " ‘v- 

Me out anywhereZhe fill . “i ' “ ‘‘''1''“' '‘o'”'"' "••V 

««»aol.-a, small lateral branches .re plZlZllZ”’ ‘t ‘a »' 
pass as unbranched i traces of the carpel 

in varying decrees som^ \ ^ stigma, or may branch 

Within the sticma UieT leaf-like venation in the branching 

"II branching k hit .„Zll 1 '"‘'"'”‘1^ l>»"'l>- ■” vodoced c.rpek, 

'll'lol per, h»s, “Ir 71,1“ L'”'"'* “ ,“T '‘'?“'"''l 1’^ I'" the 

l>e,voinl the pla.-entae and all 1 ai '0"‘'" '"‘"'lies may not oxtemi 

P atentae .and all l„md|e, may fail t„ enter the .alyle, f„ 
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extreme reduction, as in small achenes, the vascular supply may be 
reduced to little more than a basal remnant (Fig. 168iV/). Vestigial 
bundles are frequently found. These are the weak or abortive remnants 
of traces or bundles representing the supply to organs lost in evolutionary 
modification. The most common vestigial bundles are the traces to lost 
petals, stamens, and carpels, represented by stubs arising from the 
receptacular stele as normal traces but ending blindly in the cortex of 
the receptacle, and ovule traces that end blindly in the placenta or the 
margin of the carpel (Fig. liSSB.E). The epidermis is of typical struc- 
ture, the cells usually with straight walls and thin cuticle. Stomata 
occur on stamens only when these structures are expanded and leaf-like. 
In carpels the^^ occur freely on the outer surface and are even found in the 
epidermis lining the ovarian cavity. 


THE FRinX 

Morphology of Fruits. — A fruit is a developed and ripened ovary or 
ovaries together, often, with adjacent floral organs and other plant parts. 
The fruit develops directly from the flower and its structure is therefore 
fundamentally that of the floral parts and other structures from which it 
has arisen. Fruits range in complexity of morphological structure from 
a single carpel, such as a legume, to a fruit like the pineapple, which 
is an entire inflorescence including the ovaries, floral parts, bracts, and 
the inflorescence axis all fused into a single succulent mass. 

Generally, the morphological nature of a fruit can be determined fiom 
the mature fruit alone, particularly if anatomical characters are con 
sidered. The outlines of at least some of the organs — carpels, receptacle, 
sepals, bracts — may be visible, and the fundamental vascular • 
persists. Although these organs can often be identified, they are iisua 
swollen and distorted. The terms used in floral description aie no 
applicable and are supplanted by special terms. The body of the lOi 
developed from the ovary wall, which surrounds and encloses the see 
known as the j)ericar'p. When this is not homogenous histologicalb , an 
distinct outer, inner, and median parts are evident, these parts 
as exocarp, cndocarp, and mcsocarp, respectively. In many fiuits 
pericarp is more or less nearly homogeneous and not separable into pa 
in other fruits only exocarp and endocarp are evident. Strictly spea 
the term ^‘pericarp’’ refers only to the modified ovary wall, but in 
usage it is applied to the outer tissues of fruits regardless of their moip 
logical nature. 

Ontogeny of Fruits. — Since the fruit is derived directly 
flower, the ontogeny of the fruit can be considered to begin v 
formation of the floral parts that contribute to it. This is paitu^^^ 
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true of the ovary which has its basic structure determined in tiie flower 
In some genera for example, in Lycopersicon (tomato) and Vacdnium' 
cell division m the ovary ceases when the flower opens, and subsequent 
development of the fruk consists of the enlargement and specialization 
of the existing cells of the ovary, but in most fruits, the flowering period 
followed by cell division in the ovary and accessory fruit jiarts Fertili 
zation and the growth of the embryo are normally necessarv'to set in 

env ofVh^^™ q ’ ^^d in this sense the ontog- 

eny of the fruit begins with fertilization. 

Fruits normally go through a cycle of development that is constant 
or any one species, but differs witlely among species. This consists of an 

ture, a period of cell enlargement and tissue differentiation in which final 

form is reached; and a period of ripening. These stages may overlap 

somewhat and are usually related to stages in the growth of the eiulo 
sperm, seed coats, and embiyo. 

lor example, the flower of the coconut {Cocos nucifera) has a three 
carpelled, three-celled ovary, but in the formation of the mature nut onlv 

The shape of fruits is determined by the place and rate of cell di\ ision 
by the plane of cell division, and by the direction in which enlaraina cells 
elongate. Some fruits, for e.xample, the date, have a basal meSm 

fruit . formation of a much elongated fruit. Elongate 

ruit foim in some of the cucurbit fruits is related to tlic restriction 

divisions of meristematic cells largely to the plane perpendi^uirto he 
ihifaxis' elongation of the new cells chiefly in the direction of 

The Structure of Fruits 

rrz r:;,r 

the diemete? oC the baSfel1r?L‘"ld“ 

srhfiiTr-tS dtr r t 

are ten principal bundles in addi^l i. T .V ’ e'^^neple, there 
The. h„„d,e/a. the ^ .t” :;r ..^rarnr J 
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III the fruit, these appc^ar in relatively the same position as in the flower 
l)ut much increased in size and with the addition of a highly developed, 


anastomosing branch S 3 'stem extending to all parts of the fleshy outer 
layers. The smaller branches extend throughout the fleshy tissues as 
the smaller bundles of a leat spread throughout the mesophjdl. The 
ultimate branches, like those in a leaf, are verv slender and consist of only 
a few elements which are chiefl}^ protoxydem cells accompanied by a very 
few elongate parenchyma cells. In the pericarp of fleshy'' fruits, these 
finer bundles are more numerous than in the pericarp of dry fruits. 

Epidermis of Fruits. — 1 he cells of the epidermis on both the inner and 


the outer surfaces of the carpels resemble the epidermal cells of stems 



I' iG. 171. r)i\\’ fruit of Circaea latifolia. A, detail of portion of the cross section ( 

of entire fruit, showing tlie pericarj) witii its various layers, the ridge of corky secondaO 
tissue, and the large, rigid hairs. 




and leaves in form, in wall structure, and in the presence of cuticle 
and stomata. The inner epidermis is more delicate than the outer, but 
usually has a thin cuticle and may' have stomata. The cells of the 
epidermis are most commonly' isodiametric, poly'gonal cells, as in the 
Rosaceae and Liliaceae. In the Ranunculaceae, some Scrophulariaceae, 
and other families, the cells are sinuous in outline, lobed and dovetai e 
with one another, as in the epidermis of many petals and some lea^es. 
In berries and some drupes, and probably' in other fleshy' fruits, for 
example, in Rubiis and Vitis, the epidermal cells are poly'gonal and 
small with rather thin walls. In many other fruits, the epidermal ce 
are thick-walled with a heavy' cuticle and in early' stages of de\clo^ 
ment may contain tannin. The number of stomata in the epidermis 
fruits varies from many as in Pynis to none as in Vitis and Vacciniu^- 


f 
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Peridem in Fruits. In a few fruits of the “russet” tvno v, 
arises in or close beneath tL 117 a periderm layer 

ot ripe fruit as a 'r '“”’‘,7'’^ “ 

fruit. Corky r d" a"r„<^Mr'“jK'^ “ »" ‘fa 

are common on dry fruits, as in Circaea (Fig 17 i" penderm, 








(var. Montinoreneyf; T’! ' rh>e‘ ''ipening and ripe outer pe. ica. p of Pr, 

fleshy pericarp of 2t2i/pA’,,s f- Ceraaua (var. -Morello)- D 

,i,. St;;: ,7r £^£3 

•uctulenC P™nchym£ ““'“tr(rit ‘""“''"■‘‘‘‘le Part of 
and nonsucculent parenclivuna in varvinr^-f sclerenchyma 

the pericarp (here referring (o the tissue 7 ’ 

■•egardless of their morphological naturell '^»^««<ng the seed cavities 
7 «uter layers may he succulent anrl succulent throughout, 

7 fleshy layer may ife homc^ 
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more or less turgid with fluids. Some cells may contain tannin, as in 
Diospyros, or raphides, as in some species of Vitis. Mucilage-beaiing 
cells are found in some fruits as in the rind of Musa. Lysigenous glands 
are characteristic of the rinds of Citrus and laticiferous ducts are abundant 
in Carica. 

Sclereids in the flesh}^ hiA’^ers frequently occur in groups or clusters 
and give the flesh a gritty or sandy texture. From these aggregates as a 
center, elongate parenchyma ce ls may radiate, as in Pyrus serotiiia. The 
individual sclereids may be isodiametric or very irregular in outline. 

The pulp of citrus fruits is of difl'erent nature from that of most fruits. 
It consists of numerous multicellular emergences developed from the inner 












Fig. 17.3. — Fleshy pericarp. A, B, C, successive stages in the developrnentj)f 
carp of Rubus strigosus: A, green fruit soon aftei- fertilization; B, half-npc r 

fruit, all sections radial and drawn to same scale. D, E, F, fleshy „g(,tively- 

D, half-ripe fruit, radial section; E, F, ripe fruit, tangential and radial sections, 

surface layers of the carpels. The cells ot these projecting stiuc 
become turgid with fluid and the emergt'iices fill the carpel ca\itics. 

Whether the fleshy pericarp is strictly homogeneous in tex u 
contains more than one cell type, there are usually seveial moie 
distinct layers. Only the outer and inner epidermis and t e 
layers are distinct in some berries such as fruits of the Solanaceae 
ground cherry). More often a hypodermis, several layeis of ^5 

underlies the outer epidermis. This may consist of simple paienc ^ . 

in Rubus (Fig. l73/i); collenchyma, as in Primus of 

sclereids, as in Pyrus communis; or other cell types and com ma 
types. The size and shape of the cells in the different lasers 
greatly. Usually the cells of the epidermis and hypodermis are ^ 
compared with those ot the middle fleshy layer. 
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The ripening process in fleshy fruits involves changes in structure an<l 
in chemical composition. Chemically, stored .starch is changed to sugar 
or m some species to fat; tannin is reduced in amount oi disappears ^ 
acids are usually reduced in amount and various esters are produced’ 
s ologica%, ripening may involve increase in coll size and chantre in 
cell shape, the cells becoming turgid with fluid and the vails often oLes- 
swely thin and delicate; it may also involve, to a greater or less ex-tent 
the separation of the cells from one another. In some plants the cells a.-o 

r-th ^ immature (Fig. 1732) F) 

wi resulting increase in intercellular spaces. These air spaces in the 

1 11 1 stage. Ihe dissolution ol the mirlrno 

lamella and outer vail lavers (vhich in some ol.>nt ■ . . ■ r< 

very thick) sets the cells free. The fluid filling tl.e «>llto “the Sris’sSl 
come in part from the formation of more soluble substances from 

stfreh'' "“"r dovn of various substances slich as 

dtt“^ Opening, 

itmn me cells ol the flesh, even vhen the fruit is verv lino a . m 

amount of free fluid coming from the dissolved middle lamellae ma\ f 
present between the cells, but the apparently free flinVl f i ^ 

mptur^' “f Tb* Piobably mostly intracellular fluid set“free bv the 

efficient to b,cak ,„ch cella, possib ^ t 1ZUTL""T"-'- 
brought obout by tho brooking ,ho opi,lo™l '• ' 

rruits fall roughly into two groups on the i)asis nr f • 

Wueberlt'a “cT' ‘‘•-'^-rv 

J, and laspbeiij-, growth is e.xtremelv rapid at the enri nf I i ’ 

ment with great enlargement in a few dav; or etn hou " 
growth consists mostly of tho radial enlargement of cells -mri’ f tl r 
tmn of intercellular spaces between separated cel s l! n il " 
the cells of the developing flesh whir 1 x 00 ^ ^ fi / r ^ “ ^ 

In the other group, tho fruits reach full .size before n • 
may even shrink slightly through lo.ss of water during the iSZ 

his IS true of apples, pears, plums, and many otlmr fruits tbit 
sidered mature when they are harvested but mnxo . 

.t'rs "I 

-be p,.co in .ho .i.aio ,a„oi,. :::,ri„":r 
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separation of the cells. The fruit industry is based on the practice of 
harvesting fruits when they are mature hut still firm and transporting 
them to markets before they ripen and become soft. 

The ripening process eventually leads to the breakdown and dis- 
integration of fruits. In the apple and pear the cells are freed from one 
another and the fruit becomes mealy or mushy. In some of the soft 
fruits the cell walls disintegrate releasing the juices. Early stages of 
breakdown are followed in most fruits by fungous or bacterial decay 
which destrovs the fruit. 





li. 


Fig. 174. — The vascular sj'stcrn of the flower of Malus pumila. A, 
median cross section; C, vascular system, exclusive of carpellary supply, spread on • 
plane — k, c, a, bundles to sepals, petals, and stamens respectively. (C , hrau 

Ralston.) 

Variety in texture of flesh3'' fruits is related to structure. Thus the 
crispness of an apple depends upon the turgor of rather firm cells. 
peach and high quality pears, large thin-walled cells that break easil} anc 
release their contents give soft flesh and abundant juice. In some r 
that have buttery or custard-like consistency, as for example, in ^ 

and Diospyi'os, the cells of the flesh disintegrate when the fruit 
edible. Aggregates of sclereids next to the epidermis or scattered m 
pulp give the granular texture characteristic of some pears. 
sclerenchyma in the outer layers give a hard rind as in species of 
Heavy cuticle combined with collenchyma gives toughness to the ou 
layers of some types of Per sea fruits. The flesh of some fruits, su^ 
those of Gaultheria and Zizyphns, has a rather tough, dry consis en 
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plum and cherry, the fleahy and atony i.yera mZZ thf"''“ 
pericarp. In other fruits, floral organs olher Tan th 

tt rttrirySte; ftir tr' 

The hard 

cartilaginous, as in the apple and near n.- frt..mVa ■ , ’ f 

mango. The outer surface of this kye'r may be smoolr ’’’ “ 

ftu„.a, or may extend in prong, of hard tiiue into °he aotror'"* 
Sperms or tough, hair-like processes, as in Man,j,yL ^ 

ment . Se,a‘ J'ft -kf utTV^;!!;" ny^7'a“^ ^'7 “,'‘4 

fruirfs“:i“br: •'■^h'T' t -“yrnistf 

the inner epidermis of the pericarp a^d the"^ ^o'lsists of 

itself differentiated into t^ or mo/e Usually, it is 

rom each other in cell shape and oriLtation differing 

the inner layer next to the seed coats has it« * u ^ i cerasus, 

^-Hgles to the fruit axisj'in thVouter7ayer\\VcSlk right 

;vith this axis. The type and ar^^™;*^ Tf™"-' 

-Scliy' 3pccL7p“:e:;u7“ry 

fruifs7!™ea7?7aecs'‘f ZllZZuX^," T” "*7““'° “ 

Imly the vascular systeZ. Jetm^ta S T “■* 

are essentially identical with those of the hpa h ih ^ almond 

growth, but in the fin., ripening^^ .L7lrp X*". f 

instead of fleshy as in the neaefi onrl i ^ almond becomes 

l-^tages of Cl di.erentX and pXSH;:'“\rX™*n“' 

of various kindl iXrrfp^ning prX'theTr™ T “■"“o''™'* 
•Wotoplasu and become dryfth^ir X7e:Tetre“Hg':lt7 


.l.V JA'TIWDUCTION TO PLANT ANATOMY 



The three characteristic layers of the pericarp are more commonly 
present in dry fruits, where sclerenchyma and ^diy^ parenchyma are 
abundant, than in fleshy fruits. These three layers vary in nature and in 
extent in different fruits, being either sclerenchymatous or parenchyma- 
tous, and ranging from one layer to many layers in thickness. The 
parenchyma cells may be closely appressed to one another, or loosely 
arranged with prominent intercellular spaces. The sclerenchyma cells 
are fibers of many types and sclereids. Often an exocarp is highly com- 
plex, consisting of successive layers of different types of sclerenchyma, 
sometimes including la3xrs of parenchyma of different cell shapes, types, 
and orientation. Such a structural unit is apparently very strong 
mechanicall3^ An essentially four-layered pericarp is formed in many 
fruits, such as the achenes of the Compositae, where the mesocarp consists, 
of two parts. 


In man}^ dry fruits, the thin-walled parenchyma collapses to a greater 
or less extent as the fruit dries in maturing. When the fruit is a firm, 
thin-walled capsule, as in the Oaiyophyllaceae, the pericarp is made up 
largely of closely packed, firm-walled parenchyma that does not collapse 
on diying. 

Dr}^ fruits show a great variety of ^^accessoiy structures’^ such as 
corky ridges, spines, hooks, hairs, and various kinds of ^^ornamentation. 
Hairs of the internal epidermis of the fruit of Cciha constitute the kapok of 
commerce. In winged fruits, for example those of Acer and AilanthuSj 
the part of the pericarp constituting the wing is usually of firm but light 
structure. In these fruits, the supporting cells are chiefl}^ those of vascu- 
lar bundles with their fibrous sheaths. Between these bundles, the tissue 
is usually loose, with intercellular spaces. 

The Placenta. — In man}^ fruits, especially those of the fleshy type, 
such as tomato and watermelon, enlarged placentae form a considerable, 
even a large, part of the fruit. Even in some dry fruits, such as the cap- 
sule of Epigaca^ the trailing arbutus, the placenta is large, flesh> , an 
berry-like. (The placenta is, of course, a part of the carpel and not 
usually con.sidered a part of the pericarp.) Fleshy placentae consist o 
masses of soft, thin-walled parenchyma and vascular bundles.^ 
parenchyma cells are large and, as in the watermelon (Fig. 172 F), can 
often be seen with the naked eye. 

Accessory Fruit Parts. — Fleshy fruits that consist in part of structures 
other than the carpel have the same general histological structure 
simple fleshy fruits. The accessoiy structures are morphologica > 
diverse but some flower parts are found fre(luentl3^ In many 
such as those of Piyrus, Vaccinium, and the Cucurbitaceae, de^eop ^ 
from an inferior ovarv, the “calvx tube” is adherent to the carpels an 
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forms a part of the fruit. (The “calw tnho” « • * 

ot fu^ base, of calyx, corolla, an^ 

tacle makes ud a l^ro-p noi-f r &oit, fleshy recep- 

and the strawberry The pub of*Thp st"* ^’l the blackberry 

in large pa« by a’ corMeC-Sl^Tr’^tl 'i' 

enlarged pSh. Jn Xbtrllb^lb ^ bt 

such as those of Ananas, Artocarnns -inrl U. * ^florescence, 

considerable part of the fruit and ber^omes fle»h?togX'wHh IhT’ t 
an rnflorescence with its flower-bearing branches frrsid aru^ / “ 

sThef »' ‘he coriir t- ir:r,hc! 

in dry 

In many plants there seem<? tn Ko r. i i eiistic tor a species. 

arjociated with dehiscence; the openbg taSf pl^^tbrir'"'’?'*''™ 

rtbn.‘^r ier;E‘ :re“‘f i ^ ‘--pi": 

ment of rows of special cells »-eaklyTekUoJcther""'1eDa ' T 

later between these rows hv ^ ’ ^^P^^niion occurs 

changes in tensiordue to crying I T' 

of these “opening cells” accompanies that of trcdlTnhe""'^ 'f ^ 

fruit and does not follow at a much later period as le! t hL T 
separation layers in leaves and stpm/ ' , development of 

commonly the result of the sepaiation of ind^ “®eence is apparently not 
or of the disintegration of tTs2 mdividual cells, as is abscission, 

dehiscent, for example, those of Carm "“e 

formed suture lines' appea, to dt olve 

opens as it dries. The stresses brought abm.t W un7'' 1'"'“'’ 
unequal drying out of the pericarp may cause sudden growth or by 
rupture of the fruit along lines of weakness. e.xplosix'e 

THE SEED 

"Ibe enlarged and matured oviilo with ;+ i i 
the .seed. Before fertilization the one constitutes 

embryo sac, nucellus, and one oi t^ nie y"" 

simple, made up of parench^mia vith thii^exT''r’ it is 

procambium or vascular cells x\fter ftrtM T ' sometimes of a few 

Jater, the embryo develop rapidlf whl ' k? 7 -dosperm, and 

integuments enlarge and theh- tissues h ®'^'argmg ovule, and the 

tissues become complex. The nucellus 
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Fig. 175. — Seed coats. A, Gymnocladus dioica (only one-fifth of the stoi^v ^ layer 
shown); B, Viola tricolor; C, Phaseolus multiflorua (only one-third of the so i q Janceo' 
shown); D, Magnolia macrophylla, only part of the fleshy layer shown; E, Pla ^.jth 

lata; F, Lepidium sativum: G, Vaccinium corymhosum, the epidermal cells ver> 
heavy inner, and delicate outer walls; H. Malus pumila. c, L f, after 

i, inner integument; 1. /, “light line”; n, nucellus; o, outer integument. («. 
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becoming a prominent part of tl.e seed 

the gromng embryo^ (M.„y ^^ds describ«i at ■'LtaL., ^ 

ity of the ovule is continued in the Ldosperr^L emb JfbTu^^^^^^^ 
logical structure of the seed coats is complex. ^ ^ 

Seed Coats. .il/orpAo%i/.— Throughout the different ffro.in« .tf i 
plants the ovule has either one or tivo integuments. 1 ^ 1 ),! i f f 

t e majonty of the Gamopetalae and Apetalae and some Polypetalae'^hr”'^ 
but one integument, as do part of the monocotyledons - other 
have t\yo integuments. Sometimes all of the inteeument nr ' t ® 
enters into the composition of the seed coat (Fig^l 75 fi)’ 
the seed coats are developed from a nart onlv -f’ ^ ^ 

other parts are absorbed as the seed develops When^^'^T"? 
takes place, it is the innermost or LmetimL absorption 

integument that are removed Further whet h ti of an 

as . u;h„le or in part, thc nuc^mf 

beconung distinguishable only with difficulty from the rf- 

layers of the integument fFio- I7<irp t ^ adjacent inner 

se^ls, hou-over, .hfnu“lf:f;rl,;“’.bi"rbr^^^^^^^ »' 

in the seed. The reduction of tKrv + ^ soloed and is not represented 

some s«ds, chiefly i: -‘n'dT^n: or^r 

outermost layers-somelimes only the outer ej^diLt f" 

mtegument pemist in the ripe seed, as in the Umbellifene W f 

an of the integuments except a thin layer of crushed 

(Fig. 177B) and also the inner layers ‘"'."""‘^^'^d'^organized tissue 

that the fruit is an achene in which the sLdTnd 

intimately associated and not readily separable Tn ^ 
monocotyledons, for examnle t ^ seeds of some 

Where the ovule “>>a»bed. 

the seed. Both integuments may be pmsI^T th”'''"?* i" 

outermost two or thrL lavl iiT ’ the 

the important part of the seed coat*-TtT^ ®*”'^®*’*ategument forms 

l.yer (Fig. ,7hfi,_a conStfon “ °'",'h?Mal ”™“ “ 

Violaceae, Hypericaceae, and other families. ' vaceae, Tiliaceae, 

strongly devX'edturpXXe’kyLrrnd'th" *”11' 

1‘y.ted, 1 . rather un.peci.llsed (Fig. f 75 F,. o/I^r^t'ruZtr S'e’ 
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seed coats of the Cruciferae, Berberidaceae, Papaveraceae, and certain 
lilies, irises, and aroids. In the Onagraceae, Lythraceae, Aristolochiaceae, 
and other families, both integuments form lignified protective layers and 
at least the outer layers of the nucellus contribute to the seed coats. In 
the Magnoliaceae, the inner integument becomes the protective seed coat 
with a part of the nucellus attached to it; the outer integument often 
becomes fleshy (Fig. 175Z)). Complete absorption of the inner integii- 



I'lG. 17G. — Tj’pos of seeds. A, B, Cypripeclium parviflorum: A, seed showing 
parent seed eoat enclosing embryo (stippled) suspended in pocket of air; B, longituai^ 

section of seed showing seed coat consisting of funiculus and outer integument, shrne 

inner integument forming envelope around embryo, suspended embiyo a mass 
undifferentiated cells. C, Clcthra almfolia, longitudinal section showing embryo P'®*, 
highly differentiated than in B, and integument several cells thick but not differentia ^ 
into layers; D, Pterospora andromedea, seed showing wing developed from integumen . ^ 
Punica granafum, seed showing outer integument consisting of a stony layer (sO 
fleshy epidermal layer (ep) of greatly elongated cells; the inner integument is 
and is not shown, (d., J5, aftei' Carlson; C, D, from A ^etolitsky; C\ after Peltrisot; D, aP 
Batllon; E, after Tung.) 


ment and of the nucellus occurs in the Ranunculaceae, Leguininosae, an 
in certain lilies and amaryllises. 

In ovules with one integument, onb" rarely does the entire structuic 
become seed coat. A larger or smaller inner or median part is usu ^ 
absorbed and the outer layers, together with the inner epidermis, Jorw 
the seed coat, as in the Polemoniaceae, Plantaginaceae (Fig. ’ 

Balsaminaceae, and other families. So various and obscure is the moip 
logical nature of seed coats that in most plants this can be deteiniin 
only by ontogenetic studies. 
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Histological Structure.-Seed coats show variation in histological 
• ^ quite unrelated to their morphological nature. In some dry 

mdeh, scent t™i.s, seed coats are lacking; ,1.' embryo is surrounded if; 



nnn9Qo 


I'lG. 177. coats in transverse sort ifwi r v -i . • • 

layers of inucilaKC in epidermal eclU (cp), outer intomi nenr/oO “h''"'"’ “‘'■atified 

Lactuca sativa, asliowiriK fruit rout (ovai v wilh (frs i inner integument (u); 

urn d' ''‘“'' iaK opi.lermal l.airs'feoUo.W' 

ashowniK stages in development of seed coat - D \\ • i ^ cscule/i- 

>va ls of epidermal eclls and IreKinning of thifkenii'ia In , ! tangential 

«‘lls m suhepidermal .one; A’, allowing epidermal eeU , , .l*'‘.‘i '■'-><"ous 

nn ladial walLs Rieatly increased ami extending over o-irt ‘ ^ thickening of band.s 

epidermal .one mostly absorbed; a‘ sdiowlng^mid;. ' f ^ tangential walls, snb- 

emaimng alter disintegration of outer tangential walls and tT' ' “"' •"ened band., 

the absorption and disorganization of the cells tht 'udial walls, 

'nenibranous layer; the seed c-oat consis L t f zone resulting, in a 

"hich a„ alrntbst ui.tliffere.Uiamromh h^ 

1‘tunnt, .sheath „f thin-walled cells (Fiv 17(i-l l l r , ^ 

ceiKs (iig. f.reat complexity is 
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characteristic of the seed coats of certain types of seeds: very hard seeds, 
seeds with ^‘ornamented’’ coats (Fig. 178A-£'), and seeds with fleshy 
coats (Figs. 175Z), 

The seed coats of many species, for example, those of some Legumino- 
sae and Canna, are highly impervious to water and gases. Such seed 
coats have a thick cuticle that is so impervious to water that germination 
is prevented unless the cuticle is ruptured. The scarification of seeds 
and treatment with sulfuric acid to increase the percentage of germina- 
tion are based in large part upon the necessity of rupture or destruction 
of the cuticle to permit the entrance of water and oxygen. 

In many hard seeds there is a characteristic protective layer beneath 
the epidermis made up of close-packed, radially placed, columnar 



• 

Fig. 178. — “Ornamentation” on seeds. A, Gentiana atylophora; B, TV righlia Barter, 
C, Dicliptera resupinata; D, Rucllia squarrosa; E, Delphinium. {All from I^eto s ‘y, 
after Guerin; B, after Wahl; C, D, after Schaffnit; after Mitlacher.) 

cells (Fig. 175/1). This layer is often called the palisade la^^er, and its 
peculiar cells are sometimes referred to as “Malpighian cells (because 
first described by Malpighi). This palisade layer somewhat reseni es 
the palisade layer of leaves but it is a sclerenchymatous layer 
intercellular spaces. The walls are commonly unevenly thickened ( ig* 
175C,F,G); they may be of cellulose or be heavily cutinized oi ligni 
They doubtless give protection against mechanical injury and 
clianges in water content in the seed. The palisade layer neail} a 
shows a “light line,” a band-like region running transversely to t ^ 
axis of the cells — and hence tangentially in the seed (Fig. 175/1) 
light refraction is different from that in the rest of the cells, 
species this “light line” is formed by the deposition of wax glo ^ 
the cells. Within the heavy-walled protective layer, or rarely 
to it, are other layers of various thicknesses, and of many kinds o ce 
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Among these are sclereids of many types; fibers; parenchyma cells of the 
greatest variety, both in size and shape, in content, and in nature of the 
wall. The successive layers are typically made up of cells of very dif- 
ferent kinds: often the cells of adjacent layers, though similar, are dif- 
ferently oriented, lying with long axes at right angles to the surface in 
one layer and parallel with it in another, or with the long axes parallel 
>vith the long axis of the seed in one layer, and at right angles to it in the 
other (Fig. 175ff). Cells with peculiarly and irregularly thickened walls 

(Fig. \75F,G), and also those of remarkable shape and unusual relation 
to adjacent cells are common. 


The outer layers of the seed coats of some seeds are flesh 3 ^ In genera 
such as Magnolia, C aulophyllum , and Ginkgo, that have seeds exposed at 
maturity, the seed coats are histologically similar to the outer layers of 
fleshy fruits. In species in which the seeds are not exposed, the his- 
to ogical structure is less complex. For example, in Punica (pomegran- 
ate), the edible fleshy layer is derived from the epidermis, the cells of 
which elongate radially to many times their original diameter and become 
urgid (Fig. 176£). In the tomato (Lycopersicon) , the fleshy pulp sur- 
rounding the seed is in part derived from the epidermis of the seed coat. 

he epidermal cells as they develop elongate radially to several times 
their original dianaeter, the inner tangential wall thickens greatly, and 
parallel rod-like thickenings are deposited on the thin radial walls. ' The 
enlarged cells become fleshy and turgid. When the seed is mature, the 
outer and the radial W'alls break down between the rods which then appear 
as hair-like projections of the seed coat (Fig. 177D,E). In the dry seed, 
e hair-like structures are free except at the base (Fig. 177F). The 
mature fleshy seed is surrounded by a fleshy, aril-like upgrowth of the 


Mucilaginous seed coats are found in some genera. In the seeds of 

num, the radially elongate epidermal cells are filled with mucilaginous 

material deposited in stratified layers (Fig. 177 A). When the dry seeds 

are moistened, the contents of the cells swell, rupturing the outer walls 
ana cuticle. 


The surface of seed coats shows structural markings of great diversity 

constant for a species and furnish means of 

sti^elnr '•ods, folds, hooks, and other 

^ modifications of the epidermal cells, but subepi- 

ExD^nsil?"''f .1 their formation. 

winiT ir, '’f the seed coat consisting of thin-walled, air-filled cells form 

est fr. tK structures (Fig. 176C,D). Of special inter- 

(Fig 1770) (“fibers”) of the seed coats of Gossypium 
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Vascular Bundles of Seeds. — The bundles of seeds are confined to the 
raphe and the outer integument. In general the integuments of small 
seeds lack vascular tissue, but the presence or absence of bundles is to 
some extent a family character. Strands in the raphe represent the ovule 
supply in an adnate funiculus. Where the seed is large and the seed 
coat of complex structure a network of bundles msiy be present. 

Embryo and Endosperm. — The embryos of different families show 
great diversity in stage of differentiation in the mature seed. In the 
orchid seed the embryo consists of relatively few undifferentiated mer- 
istematic cells with no indication of radicle, plumule, and cotyledons 
(Fig. In others, mostly large seeds, for example, those of 

Persea (avocado), the well-developed embryo has radicle, massive 
cotyledons, and a well-developed plumule. Vascular bundles are present 
in the procambium stage. Between these extremes are many intergrad- 
ing forms. 


In thick cotyledons that do not expand on germination the tissues 
are mature, consisting of rounded or pol3diedral cells packed with starch 
or aleurone. Intercellular spaces are present. In such cotjdedons the 
vascular system is much simplified and stomata are lacking. In coty- 
ledons that expand on germination, the tissues are immature, but the 
mesophyll may be differentiated into spong^^ and palisade tissue. Sto- 
mata may be present in the epidermis. The vascular s^'stem in all 
embryos is usually in the procambium stage; onl}^ rarely" are protoxylem 
and protophloem elements mature, as in Castanea and Aesculus. 

The endosperm consists alwa^^s of pol^^hedral parench^^ma cells moie 
or less isodiametric in shape. The walls are largel}^ cellulose and com 
monly thin, but in some plants, such as the date (Phoenix) am 
the persimmon {Diospyros)^ (Fig. 2\E,B), the}^ are greath' thickenec • 
The additional cellulose is reserve food. This verv hard endospeim is 
commonB^ known as ^^horn\^” endosperm. In the large seeds of some 
palms, for example, Phytclcphas, endosperm of this ty^pe finds commeicia^ 
use in the manufacture of buttons. The storage materials 
endosperm are starch, aleurone, and oils; starch and aleurone are sau n 

to occur in the same cell. 
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CHAPTER XIV 




ECOLOGICAL ANATOMY 

In the foregoing chapters, emphasis has been placed upon normal 
plant structure as it develops in regions of average or optimum water 
supply. Such an environment is called mesophytic and is that which 
obtains generally in the important agricultural districts of the temperate 
zone and also in parts of the tropics, especially at median altitudes. 
The plants that live in this environment are known as mesophyteSj and 
include the majority of the best knowm Avild and cultn^ated plants of 
temperate regions. 

There are also many plants living under extremes of available Avater 
supply. There is an extensive flora of vascular plants, knoAA’n as hydro- 
phytes ^ living on the surface of bodies of AA’ater or submersed at vaiious 
depths doAA'n to those Avhere diminished light intensity and other con- 
ditions become limiting factors for existence ot plants oi this type. 
Much greater in number of species and more diA'crsifled in stiuctuia 
complexity is 'the great group of plant s that liA'e in regions Avheie t e^ 
supply of aA^ailable Avater is deficient, that is, in a so-called xeiophytic 
environment. This group, knoAAm as xerophytcSj includes species 
many families in no Avay closely related phylogenetically, Avhich, m 
enAuronment, have come to resemble each other more or less close } 
vegetative structure. BetAAeen the extreme xerophytes and the h} lo- 
phytes, all gradations in form and all degrees of structural Aaiia lo^ 
occur in plants Avhose natural habitat is intermediate betAA cen mesop } 
and xerophytic on the one hand and mesophytic and hydroph3dic 

the other. . 

Types of Xerophytic Environment— The structural 
common to xerophytes occur under man}” different enAUionmenta 
ditions. The most common of these is that found in deserts oi sem ^ 
places AAdiere there is a deficiency ot rainfall during either a laige pa 
all of the year. Here are found many plants, not typically 
in structure, that groAA^ only during a short rainy season and pass 
season as seeds, or as dormant bujbs, corms, or roots beneath t e 
of the ground. In such locations, Avith the exception of ^ 

where no higher plants can groAv, there are also a considerable 
species Avhich maintain stems and leaves, or only stems, above gr 
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IterilX'a^cfuanrck of"vatet‘iT 5h 

apparently abundant, but for some reasonl^nhr”!”^"*®!,"'^®'’® 
to the plant. Thus there is .Pr-ncrn ^ Physiologically unavailable 

Ao/op%fes, which grow in salt marsher^ S'oup of plants, known as 

that are only slightly to.xic. These^plants"akh ""Vr®* 

;n water, have elaborate structumf modifi 

loss, much like those found in plants of the d^ r n 

though present, is of such hiah osm i ^ The water, 

readily absorbed by the phuit- aT that it cannot be 

i» the p... bogs r"''”" " 

too high, but ptobobi bL,!^;*'? T “"""'■■otion is osmotieally 

plant which hinders their (leveiopment^ori ^ t>f the 

perature of the soil. because of the very low tern- 

regilTrt^relltrJtSll"^^ ■* ‘'■"t found in 

of the year. Here lo .“Crattirir' rd"’'""' '» a part 

tion by the roots and reduce conduction gen^crajlv m'lh '',* “ftsorp- 

ration is also reduced, there is a nhvsinl i ^ *^^t even if transpi- 

situation is more e.xl;me7lmre^hJ^S'bf ThL’ 

Plants that hold their leaves under such c rl° depth. 2- 

many species of needle-leaved gymnosperms example, the 

rir ^ temperate and -arctic^o“ 

heat' also produL JetophAic'^collH?onr^‘'Alf 

are the result of a combination of the enVir ^ f 'ophytic situations 

above; in a desert situation, lack of moLuTe bX 3. 

intense light and heat, and winds of high velocitv L^v ""‘^esphere, 

and structurally. In Lme plants X physiologically 

tissues are not changed in structure but 1^"^ mesophytic organs and 
more effective, for example, plants grmvinl n ? Physiologically 

olive tree, develop an extraordinarily larae and I s»oh as the 

system capable of efficient abso7mH“^^f^^^^^ Pmi.eti:ating_,-oot 

of modification are those salt-marSi pfant^^h i ki«‘l 

concentration within the plant than I “ound i ^ 

Zf' Z oto. e t-otSl'S" ‘hcLlb 

T" the toxic action r *^'" ^he ability 
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concentration. Along with physiological, are also commonly found, 
structural modificationsjbhat reduce the loss of absorbed water. Some 
of the specialized structures are highly complex and may involve nearly 
all of the tissues of the plant. 

Lignification and Cutinization . — Heavy cuticularization and extreme 
cutinization of the epidermis and even of subepidermal cells are common 
in xerophytes. All gradations are found in the thickness of the cuticle 
from a thickness only slightly greater than normal, like that of plants 




Kici. 179. — Structure of xcropliytic leave.s. .4, diagrain of cross section, 
serratifoliuyn, sclerenchynia singly cross-hatched, vascular tissue doubly cross-ha c • 
B, detail of small marginal portion; C, cross section, Cycas, showing lignified hj po er 
and partly lignified palisade tissue. 


of semixerophytic habitats, to the elaborate thickenings of extreme 
xerophytes in which the cuticle may be as thick as, or thicker than, t e 
diameter of the epidermal cells. In addition to increased thickness o 
the cuticle, the walls of the epidermal cells themselves are frequent y 
cutinized, and sometimes also those of the underlying cells. Along 
well-developed cutinized layers there are frequently found dineren 
degrees of lignification of the epidermal and subepidermal cells, ® 
some organs, for example, the leaves of Cycas, lignification may ex en^ 
even to parts of the palisade parenchyma cells (Fig. 179C). Similar o 
cuticularization is the formation of wax as a covering on the epidermis. 
Many plants secrete wax externally in small amounts, but certain 




















ECOLOGICAL ANATOMY 


383 

genera, for example Copernfcta and Ceroxylon, the sources of carnauba 

riuable nv • quantities sufficient to be commercially 

valuable -xx is sometimes produced by plants not fr,,,winK „nder 
xerophytic conditions.) ” 






Tig. 180.— Str 
**'<ilacopliyllous ' 
very thick cuticle 
pockets enclosed 
sparse; B 

unprotected; C, diagram of cros 
same; stomata in furrows nearly 


ALMopnxiic leaves. A, 
type, Bcuonia; (\ I), a rolling type 
. outer hypoderrnal layer filled 
in sclerenchynia, stomata in h 
mesophyll thin, orotectod hv Invorc 


t sc.eiopnyiious typo, Banksia; B 
Spartina A, an extreme type with’ 
with mueilaKc and tannin, mesophyll 
It -filled po( kot.s, stioiiKy parenehynia 
“ '"'■^■'‘“^•''■■tainiiiK cells, stomata 

,.i„. 1 1 •. , ‘".""'•'‘ion; O, detail of portion of 

closed hj interlocking epidermal cells 


‘‘'^‘^‘tion to a cutinized epidermis, many xerophytic plants possess 

0 several layers of cells immediately beneath the epidermis that 

r t"",f "» “■"» 

1 idtimal cells in structure and are sometimes derived in ontogeny 
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from the young epidermis, but in most plants, the hypodermis of leaves is 
morphologically mesophyll jand may be in the form of a layer of sclereids 
or a sheet of fibrous tissue. The hypodermis of stems belongs to the 
outer cortex. The hypodermis of stems and leaves may be cutinized to 
some extent or, more frequently, lignified. Gums and tannins are 
common in this layer (Fig. 180T). 

Sclerenchyma . — In addition to the hypodermis, xerophytes generally;^ 
have a larger proportion of sclerenchyma, in their leaf structure than is^ 
found normally in mesoph34es. This tissue, as masses either of fibers or 
sclereids, is iisualh^ arranged in more or less regular layers^ between the 
mesophyll of the leaf and the epidermis or h^^podermis. In some plants, 
as in Banksia (Fig. 180.4), there is a continuous, rather thin sheet of 
sclerench^una between the hj^podermis and the mesophyll. In other 
forms, for example, in Dasylirion (Fig. 179^,5), there are heavy, parallel,, 
strands of fibers below the epidermis* These strands cover the mesophyll 
except for small openings leading from the stomata to the interior of the 
leaf. Such sclerenchj^ma la^^ers prevent water loss as well as aid in the^ 
support of the organ, and ma}^ also act as a partial screen against intense^ 
'light. Xeroph^'tes that have increased cutinization and sclerification of^ 
the leaves are commonly" called sclerophyllous, ^ 

Hairs. — The modifications so far described prevent water loss from 
the plant b}" the formation of la 3 "ers which are themselves more or less 
impervious to water. Moreover, the cutt ing do wn of the circulatio n 
of air ove r the leaf surface pre 3 ;en ts r apid evappra^n^ through the 
stomata. In man 3 ’’ plants, especialh^ those of alpine regions exposed to 
strong winds,. a covering of matted epidermal hair^on the under side of the 
leaves, or wherever stomata are abundant prevents water loss. Hairs 
may also be abundant over the entire aerial part of the plant. Hairs 
form dead-air spaces next to the epidermis where air remains at a relatne 
humidit 3 ^ approaching that on the inside of the leaf. Xeroph 3 des that 
have a hairy covering on the leaves and stems are known as trichophyllous. 

Rolling of Leaves . — The leaves of some xeroph 3 ^tes, of which the 
xeroph 3 ^tic grasses a,re the outstanding example, roll tightb^ undei dr} 
conditions. In such leaves the stomata are located on the upper or 
ventral surface only, so that Avhen the edges of the leaf roll inward un J 
the edges touch or overlap, the stomata are effectively shut away from 
outside air. An extreme example of this kind is seen in Spartina, a sa 
marsh grass, in which the tight upward folding of the leaf and also 
sheltered location of the stomata in furrows (Fig. 180C,D) gieaty 
reduce air movement over stomata! areas. As described in Chap. - » 

in the leaves of man 3 ^ grasses special motor cells on the upper suiface 
form a rolling device. In the xerophytic grasses, these cells are pa** 
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ticularly well devehjped. The linear leaves of other plant 
species of Dasylinotiy and those of some broad-leaved 

Rhododendron, have leaves that fold nv roll when the w 
deficient. 


1 IG. 181. Structure of sterns of rnicroi>h^il 
cotyledon: A, cross .section of .stem; Ji, .small 
pnotosynthetic ti.ssue. sunken stomata. liKiiif 
scales, appearinjr in section outside epidermis 
snowing similar condition in dicotyledon. 

Slornalal Structure.- 
carbon dioxide and ox 
ward of other gases, 
when water loss is har 
1 eduction of transpira 
and reduction in numl 
or of stoinatal nunibei 


i^cpiocarptis, 
iug specialized c( 
leaves, nonfunct 
, cross s(*ction of 


Stomatal 
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structure of the stomata! apparatus ^botli reduce transpiration. Water 
loss in xerophytes is reduced not only by hairy coverings and by the 
rolling or folding of leaves, but also by the position ot the stomata 
sunken below the level of the other epidermal cells. In these stomata 


the accessorv (*('lls mav be of such shape and arrangement that they 





Fig. 182. — Structure of microphyllous xeropliyte.s. A, B, ^Itudfna 

diagraiu of cross section, detail of small part of same, and of small part o doubly 

section through stornatal furrow, respectively. A, the two vasculai ,„,^Kv11 

5 .s-hatched, surrounded by parenchyma sheath and endodermis, the mes . , 


cross-iian'inHi, ^ui i wumautt i7c*i vTiiv ii.c* ...... . 1. » bv stoina 

resin canals, protected by external .sclerenchyma, singly cross-hatched, broKcr 


furrows; B, (\ the mesophyll uniform, dense, with intolded cell 
through stornatal region in stem, Equisetum hyemalc, showing 
ti.ssue, sunken stoma, heavily silicified epidermis and hypodermis. 


sciereiieii.> Ilia, siiiK.*.' t i <PCtion 

iform, dense, witli infolded cell " ^ ...j.fhetic 
, Equisetuin hyemalc, showing cortical p lo 


'ith 

form one or more outer chambers connected by narrow openings ^ 
the stoma itself. In this way the opening between the guai ^ 
shut off from the outside air with its low humidity. Stomata of ^ 
are common in extreme xerophytes, for example, in Finns (Fig. 
Equiseium (Fig. 182D), Cycas (Fig. 179C), and (Fig. 

The walls of the accessory cells of such stomata are ordinaril> avails 

and heavily lignified or cutinized, as are frecpiently also parts of t e 
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180^^ stomata, as in Cos wamm and Banksia (Fig 

1804), may have the further protection of hairs.^ ^ 

ftedwcedj^ ,<;«r/ace.— d/tcropAy//o,/s plants form one of the lareer 
groups of xerophytes. In this group the reduction of the leaf surfL 

the total exposed surface of the 
plant body IS relatively small as compared with that of normal meso- 

P ytes. Abundant illustrations of this type of xerophyte occur in all 

groups of plants, for example, Ecjui,elum, Pinus, Casuarina, Asparagus 

the cacti, Polygonella (Fig. 181C). In these forms the leaves if norLl 

function, are very .small; often they are wanting in the mature nlant 

or persist as small scales or bracts which for the most part do not function 

as leaves In some genera, for example, Eguiseul, /.prcl^ran. 

olygonella, photosynthesis takes place in the stem where photoswnthetic 

a^panied by increa^.^nehyma, sunj,^!: anT^' 

Needle Leaves of the Gyrnnospcrms . — The needle leaver nf fho 

J.erms are important mier.,pl,yll„„s ty,». ofp™^ 

icea, and other coniferous genera are exposed to xeronhvfi' va- 

only during „.e ,ri„p., 

ateorptron and conduction and do not prevent water lore front the leases 
e lea\es of these plants, in addition to reduced leaf siirf-ien tK 

are heavy cutinization and sunken stomati i Ma * sui lace there 

» the leaf of P.aaa (Fig 182 iS Ztt ,' jZ Z 
BUrronnding the vaaeul.r tiaaues Is a zonfl "'"“‘“‘''f 

ro/S- of'Th 

cells of the transfusion tissue, which is in the nericvclip n,.«n- u ” 
bordered pits even though the tissue has otherwise the ^ - 

parenchyma.- Exterior to the endodermis ks rhe pL XnrtT"^ 

inward projections of the wall greatly increaL the w.n ■ I f 
thechloropla.sts aredistributed. Theouter walls of the^" 'T^ which 
euUnized, and the cutinization extends along J e mi^lIeXiT "" 

■umen ortlXi^tnc..;; “'iVdcd':“X:i;: t" •'« ‘>.e 

developed hypodermis several layers thick consisting TT'^'V’ ^ 
chyma cells extending parallel' with the long 'axis r aa"' 

stomata are somewhat sunken and arrangcsl in dertn e l!, T " 

shown in Fig 182/^ C The'nf ‘^'*‘t*t'‘<hnal .sections of the leaf 

fe. 182/^, C. Ihe needle leaves of other gymnosperms, 
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though differing from those of Pinus are for the most part similar in 
general features. 

Fleshy Xerophytes. — A fourth large group of xerophjd-es, those p_pssess-_ 
ing flesh 3^ leaves or stems, are described as malacophyllous.^ In these, 
plants, tissues that store water and mucilaginous substances are promi- 
nent. In leaves these tissues are located beneath the upper or the lower 
epidermis, upon both sides of the leaf, or, in extreme tj^pes, on both sides 
of the leaf and in the center. The storage cells are usually large and 
often thin-walled, as in Begonia (Fig. ISOB). Frequently, the walls are 
reinforced in a manner that prevents collapse when turgor is reduced. 
Such storage tissue apparently may actually serve as a source of reserve 
water during drought, or may screen the underlying tissues from excessive 
light. In some species the thickened leaves are terete with the vascular 
bundles arranged in a stele-like c^dinder. The mesophyll, consisting 
frequentl.y of a large proportion of palisade tissue, is more compact than 
in mesophytes, and the amount of photos^mthetic tissues is greater 
relative to the amount of leaf surface exposed. The leaf surface is, 
therefore, proportionatel.v reduced. Water-storage tissue is abundant 
in man^^ microph\dlous xerophytes, especially the cacti and plants of 
similar habit, and some salt-marsh genera, such as Salicornia. 

Epiphytes^. — The structure of epiphjTes varies with the environment. 
Many are xeroph^Tic in their general structure, for example, Tillandsia 
and man^^ orchids; the former has a haiiy covering and the latter heavil}^ 
cutinized epidermis and relatively small leaf surface.^ The root system ot 
epiph^Tes ma^^ consist, in part, of holdfasts, which anchor the plant, m 
part, of absorbing roots, which are in contact with the substratum, and 
in some genera, of aerial roots. Some epiphytes live in habitats that are 


always moist and have no xeroph^dic structure. 

Hydrophytes. — The number of species of vascular plants that giow 
submersed in water, or floating, is much smaller than the niimbei o 
xerophytes and they show much less variety in structure than xeroph} tes^ 
the uniformity of aquatic environments is in contrast with the vaiiety o 
xerophytic environments. The factors affecting aquatic plants aic 
chief! 3^ those of temperature, osmotic concentration, and toxicit3: 
last two dependent upon the amount and the nature of the substances in 
solution. The structural characteristics in aquatic plants are main > 
those of reduction of the protecting, supporting, and conducting 
and the presence of air chambers. (The effectiveness of xeiopj} 
structure against diying out can be seen when a xeroph3de, sue i 
Sedutn, and a h3^drophyte, such as Potamogeton, are exposed to 
conditions; the former will remain alive for many da3"s, wheieas 
latter will dry out in a very few hours.) 


kcojmgical a xa tom y 3 gg 

^'ifference in the structure and func- 
tion of the epidermis in hydrophytes as compared with that of plants in an 

burah^so h In aquatics, the epidermis is not protective 

s gases^and nutrients directly from the water. This layer in 
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i'lG. 183. — Structure of hvdronhvfo*; A n ^ 

AUinastrum and Polamoacton peca•/w/,^s/^espcctiVeI'v ^^'^^‘ Elatine 

well dovelopcd and surroundinR the liunae i.mcr wairoV‘'''7T'^ 

D, cross sections of submersed leaf of Pntnr> ! "ah of endoderrnis much thickened 
; >a,„he..s a.,,1 ha„<„es; C, dern of Latfal 

“‘ri’ 

Commonly inCrtlJ, The 'V.ter. 

'‘‘™ “ <> “teM? 
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where the leaves are very thin. Stomata are wanting in submersed 
hydrophytes (though sometimes vestigial) ; the gaseous interchange 
takes place directly through the cell walls. The floating leaves of 
aquatic plants have abundant stomata on the upper surface. 

Dissected Leaves . — In many species of aquatic plants the submersed 
leaves are finely divided so that there is, proportionately, a much increased 
Y^^/leaf surface in contact with the water. The slender terete segments of 
such leaves permit close contact between photos 3 Tithetic tissues and the 
water. Such genera as M yrloyhyllum and Utricidaria are examples of 
aquatics with divided leaves of this t\"pe. Some species ^^'ith divided, 
submersed leaves have floating or aerial leaves which are entire, toothed, 
or lobed. 


Air Chambers . — Chambers and passages filled with gases are common 
in the leaves and stems of submersed plants. Water-storage cavities are 
structurall}^ single cells, but air chambers are large, usually regular, 
intercellular spaces extending through the leaf and often for long distances 
through the stem. Good examples of this type of structure are found in 
the leaves of Potamogeton (Fig. 183Z),C) and Pontederia (Fig. 184^4). 
Such spaces are usually separated by partitions of photosjmthetic tissue 
only one or two cells thick. The chambers provide a sort of internal 
atmosphere for the plant. In these spaces the ox\’'gen given off in photo- 
s^mthesis is appare ntly stored and used aga in in respiration, and the 
carbon dioxide from respiration is held and used in photosynthesis. 
The cross partitions of air passages, known as diaphragms, perhaps pre- 
vent flooding. The diaphragms are perforated with minute openings 
(Fig. 184B) through which gase^ybut not water may supposedl}" pass. 
Air chambers also give buo^^ancy to the organs in which the}^ occur. 
Another t^^pe of specialized tissue frequent in aquatic plants that gives 
buoyanc}" to the plant parts on which it occurs is aerenchyma. 
characteristic of species of Decodon and Ly thrum ^ for example. Struc 
turally, it is a ver^" delicate tissue in which thin partitions enclose air 
spaces (Fig. 184C). Aerenchyma is phellem formed b}' a typical phe o 
gen of epidermal or cortical origin. The phellem cells are small and t in 
walled, and a veiy delicate tissue is built up as the young phellem ce s 
mature. At regular intervals individual cells of each layer elonga 
greatly" in the radial direction while the other cells of this layer 
small. The elongation of these cells pushes outward all the cells o 
last-formed layer and forms manv elongate air chambers that he para 
with the plant axis on which the^^ are borne. The radially elonga 

cells form the radial walls of the chambers and the 

which have become separated from the adjacent tangential rows o c ^ j 

the tangential walls. In a physiological sense, the term ‘^aerenc ym 
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IS applied to any tissue mth many large intercellular spaces. Such 

tissues my be morphologically a part of the corte.x or pith, and hence 

quite distmct from the typical aerenchyma described above which is of 
secondary origin. 

Absence of &fere«cAi//na.— Submersed plants usually have few or no 
sclerenchymatous tissues and cells; the water itself supports the plant 





s^bm'rr;cd*feaf,^sho«^^ va“'b^nX''“(d' t 

diaphragms in air chambers singly cross-hatchoH (doubly cross-hatched), 

tjons (unsh.aded) . C, acronehy ma il. /Icodo!;, 

longation of certain cells of eaol. „hcllem b>- 

iind piotects it in part Irom injurv. Deiisitv rif +u* i 

yd m some plants collenchyma, give some riciditv h’t "'*^**«. 
ply ts, especially the leaves and smaller stems, L usuaHv flT 

ally occur, c.pcroallyallTu.c of » 

increase tensile strength ^ ‘ ^ apparently 

-i-e-i jjrrz 
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^oil and conduct these substances through the plant are greatly reduced 
or absent in aquatic plants. The root system is often greatly reduced, 
functioning chiefly as holdfasts or anchors, and a considerable part of the 
absorption takes place through the leaves and stems. All degrees of 
reduction of the root system are found. Even where reduction of roots is 
not extensive, root hairs are usuall}^ lacking, and the roots probably do 
not absorb water to any extent. In the vascular tissues, the xylem shows 
the greatest reduction and in many species consists of only a few ele- 
ments, even in the stele and main vascular bundles (Fig. 183A). Less 
commonly in the stele and large bundles, and frequently in the small 






Fig. 185. — Structure of shade leaves. A, Jeffersonia diphylla; B, Circaea alptna, j 
('ryptogramma Stcllcri. Showing inesophyll loose, i)alisade layer weak or lackmK. 
epidermis weakly cutinized — C, extreme form, suggesting hydrophytic condition, ‘ 
chloroplasts in epidermis. 


B 


bundles, xylem elements are lacking. In these plants there is usually a 
well-deflned xylem lacuna in the position of the xylem (Fig. 183^,0- 
Such spaces resemble typical air-chambers. The phloem of aquatics, 
though reduced in amount as compared with that of mesophytes, is m 
most species fairly well developed as compared with the xylem. 1^ 
resembles the phloem of reduced herbaceous plants, in that the sieve tubes 
are smaller than those of the woody plants. These reduced bundles aie^ 
illustrated in the leaf of Potamogeton (Fig. 183C,D). In aquatics an 
^endodermis is commonly present, though often weakly developed. 

Shade Leaves. — The leaves of deeply shaded habitats have v cak } , 
developed palisade la^^ers. This type of leaf structure is found in man} 
mesc phytic plants such as low-growing woodland plants, lor examp 
Jeffersonia (Fig. 185.4). The more extreme plant types in such habila y 
such as Cri/pfogramma (Fig. 185C), a fern of moist, shaded cliffy, ii. 
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palisad^yers and may possess an epidermis that contains chloroplasts 

and becomes a part of the photosynthetic tissue. Hydathodes, where 

water is exuded, are freqiiently found in plants growing in a saturated 
Jit mosphere. 

Parasites.— In parasitic, saprophitic, and insectivorous vascular 
plants in which the plant is dependent, wholly or in part, upon other 
organisms, there arc prominent structural modifications. In parasitic 
vascular plants there are commonly no roots except in the seedling stage 
before connection with the host is made. Such plants as Cuscula and 
~%ono-pholis are familiar examples in which, early in the life of the seedling 
the parasite establishes direct connection by means of its haiist.o rin with 
the conducting^iysteiiLof the host. In the region of this connection, the 
xylem and phloem of the parasite join directly with the same tissues of 
the host, supplying the parasite with water, mineral nutrients, and 
elaborated plant foods. The xylem and phloem of the parasite come in 
direct contact with the xylem and phloem of the host through a dissolu- 
tion of the outer tissues of the host by enzymes secreted by the parasite 
at the points of contact where haustoria are formed (Fig 18Gfi) New 
secondary vascular tissues are then formed by the parasite, and these 
continue the union with the newly formed tissues of the host. 

In true parasites, all photos3mthetic tissues are greatly reduc'eil exist 
as vestigial strictures, or are wanting. In such plants as Cuscu’la and 
Arceuthobium, the leaves are reduced to scalesjand chlorophvll is usuallv 
absent throughout the plant. Cuscula may form a large number of host 
^ nections. Other plants, for example, Conopholis and Orobanchc 
make only one host connection but penetrate deeply into the root of the 
host. In such species the parasite may form a flowering axis only 

mfood T parasites, which depend wholly upon the host 

o^food and water, there are many so-called “half-parasites." which 
although connected directly with the vascular tissueT^fthThost, appar- 
ently manufacture some part of their own food supply. The mistletoes 
tscum and Phoradendron, are familiar examples. Here water and 
mineral nutrients are obtained entirely from the host. Carbohydrates 
are probably, at least in part, formed by the parasite. The vascular 
tissues of parasites are usually much reduced. Sclerenchyma often 
supplies nearlj-^ all the support of the stems. 

Saprophytes.”— The term saprophytes, as commonly applied to 
'ascular plants, refers to a group of chlorophyll-lacking forms that 
ave been said to secure their food supply from decaying organic matter 
much as do many fungi. Many and probably all sudi plants are^LS’ 

method by which such plants obtain food materials is apparently boLd 
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up in some way, not well understood, with the ph3^sioIogical activities 
of these fungi. But clearly such plants are not strictlA^ saprophytes— 
they are, to a certain extent, at least, symbiotic with or parasitic upon the 
lower forms, or are associated in nutrition with them. It is undesirable 
to call such plants “saprophytes^’ until their methods of nutrition are 
fully understood. Plants of this type are usually greatl}^ reduced in 
structure — the leaves are scale-like and the stems are reduced largely to 
inflorescence axes. Internally, there is also great reduction and simplifi- 
cation. The xylem and the phloem are small in amount and the cells of 



1* iti. 18G. Haustorial connection of parasite with liost — Cuscuta on Bidens. A* 
diagram, showing cross section of stem of host, oblique section of stem of parasite, aim 
longitudinal section of haustorium penetrating host as far as the vascular tissues; B, 
detail of haustorium and surrounding tissues. The vascular tissues of parasite connccte 
with those of host. 


these tissues often abortive, and sclerench^^ma is scarce. The roote may 
be well developed and abundant in proportion to the aerial parts, as in 
Alonotropay or may be lacking, with rhizomes taking their place, as m 
C orallorrhiza. Where roots are present, the^^ are usually of peculiar 
structure. Roots of unusual form, together with the fungus hyphne 
associated with them, form mycorrhizac. 

T\vo types of such roots are recognized: cctotrophic, those in which the 
mycelium forms a more or less superficial laj^er or coating about the root.'?, 
and endotrophiCy those in which the h^^phae lie within or between the 
root cells themselves. In ectotrophic forms the fungus h^^phae form a 
tissue-like weft about the root, enclosing it like a glove about a finger- 
The mycelium is closely appressed to the root, and some of the hyph^e 
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penetrate between and around the epidermal and subepidermal cells. 

In some forms there is little penetration between the outer cells, in others 

the cells of the epidermis and of several outer layers of the cortex may be 

surrounded by hyphae. Rootlets invested by fungus hyphae in this way 

are of unusual structure they have neither root cap nor root hairs have 

imited growth m length, and are fleshy, with their conducting tissues 

greatly reduced. In endotrophic forms also, the roots may be enlarged 

and fleshy, but there is less reduction of vascular tissues. The hyphae 

are usually restricted to a special part of the cortex where a definite layer 

of infected cells may occur. In nongreen plants the interrelationship of 
the two plants is obscure. 

Mycorrhizae occur on many green plants also; they are known in 
many genera of forest trees and in many members of the heath family. 
Ihe relationship of the fungus and the green vascular plant is not under- 
stood but is possibly parasitism of basidiomycetous fungi upon the green 
plant. In some endotrophic forms, symbiosis may exist. 

The above discussion is only a brief statement of some structural 

modifications of plants. The details of such modifications are almost 

infinite in number and variety. All can be structurally interpreted bv 
comparison with mesophytic plants. 
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A 

Abies, stem apex of, 71 , 72 
trabeculae of, 48 
wood of, 215, 216, 225 
^-Abscission, 266-275 

of floral parts, 270-271 
of leaves, 267-268, 269 , 270 
of phloem, 231 
of stems, 271, 272 
zone of, 267, 275 

Absorption, by root hairs, 277, 285 
through epidermis, 277 
Abutilon, collenchyma in, 84 
Acacia, wood of, 225, 229 
Acer, bark of, 258, 259 
cuticle of, 61 , 54 
fruit of, 368 
leaf abscission in, 268 
root-stem transition in, 296 
wood of, 214, 215, 225, 226 
grain of, 227 
parenchyma in, 216 

pith-ray flecks in, 228 
pit-pairs in, 43 
rays in, 218 
vessel element in, 96 
Aceraceae, leaf traces in, 148 
Achene, bundles in, 360 
pericarp in, 368 
reduction in, 356, 367 
seed coat in, 371 

Achras^ latex, source of chicle, 118 
periderm in fruit of, 261, 363 
Acorus, vascular bundles in, 306 
vascular system in, 160 
Adlumia, stem of, 303 
Adnation (see Fusion) 

Aerenchyma, 390, 391 

Af'fichynomene, wood of, 225 


Aesculus, plasmodesrnata in endospern) 
of, 35 

seed of, 376 

Agathis, abscised branches of, 272 
heart wood in, 223 
kauri gum, 246 
leaf-trace cambium in, 185 
pit-pairs in tracheid of, 43 
resin of, 118 
Agave, fibers in, 88 
Agrimonia, achene of, 367 
phloem-ray cells of, 242 
stem of, 299 

vestigial interfascicular cambium in 
178 

Agroshs, sclerenchyma in loaf of, 336 
Ailanthus, abscission of leaves of, 268 
abscission of stems of, 271 
fruits of, 368 
starch in, 21 

Air chambers, 8, 367, 389 , 390, 391 
Ajuga, fusion in calyx of, 347 348 
Alburnum, 223 * 

Aleurone grains, 19, 22, 23 , 376 
Alkaloids, 19 

Allium, intercalary meristem in 323 
leaf of, 335 

Almond (see Amygdalus) 

Alnus, aggregate xylem rays in, 217 
leaf trace and pith form of, 163, 154 

Aloe, bundle development in secondarv 
growth of, 301 
cambium in, 201 
periderm in, 260 
secondary growth in, 302 
Alsinastrum, stem of, 389 
Alstroemeria, inferior ovary of, 362 
Amaranthaceae, accessory cambium in. 

o 1 ^ 

medullary bundles in, 314 

Amaryllis, seed coat of 372 
397 
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Anielanrhier, petal of, 368 
Amentiferae, leaf traces in, 147 
A mygdalnSy fruit of, 367 
Ananas^ adnation in, 355 
fruit of, 360, 369 
Anastomosis, 152, 301 
Anchusa, epidermis of corolla of, 368 
Andromeda^ ovary of, 363 
Anemarrhena, root-stem transition in, 296 
Angelica^ oil canal in, 116 
petiole bundles in, 329 
Angiosperms, anomalous structure in, 315 
collateral bundles of, 139 
companion cells in, 109, 239 
endodermis in, 161 
6bers, gelatinous in, 49 
size of, 9 
leaf gaps in, 145 
leaf traces in, 147 
marginal ray cells in, 220 
origin of lateral roots in, 287 
persistence of leaves in, 338 
phloem in, 104, 105, 232, 239 
internal, 304 
primary, in roots, 285 
pits in tracheids of, 92 
protoxylem in, 133 
root apex of, 77 
stelar types in, 142 
stem apex of, 72 
tyloses in, 222 
vascular bundle in, 307 

{See also Dicotyledons; Monocotyh'- 
dons) 

Annual rings {see Clrowth rings) 

‘‘Annual rings,” of cork, 256, 267 
Anomalous structure, in stems, 309, 310 , 
311, 312, 313 , 314 , 315 
Anther wall, 48 
Anthocyanins, 18 
Apical-cell theory, 67 
Apical cells, 65-67, 76 , 76 
of axis, 124 
of floral apex, 74 
of leaf, 319 
of root, 76 , 76 
of stems, 70 , 71 , 72, 73 

{See also Initials; Meristem) 

Apical meristems, 64 , 123 
initials of, 61, 65 


Apical meristems, mature cells of proto- 
phloem in, 131 
in monocot leaf, 334 
origin of cambium from, 63, 175 
Apios, crystals in endodermis of, 158 
stem of, 303 

Apium^ collenchyma in, 87, 88, 330 
Aplectrinrij stomata in, 168 
Apocynaceae, internal phloem in, 305 
intrusive growth in, 12 
nonarticulate latex ducts in, 119, 120 
A ponogeton, chloroplasts in, 16 
Appendages, 1, 123, 126, 341 
Apple {see Malus pumila) 

Apposition, 34 

Acpiatic plants, endodermis in, 161 
stomata in, 333 
vessels lost in, 98 

{See also Hydrophytes) 

Aqailegia, flower of, 343 , 345, 346 
follicle of, 367 
Araceae, roots in, 291 
seed coats of, 372 
venation in, 334 
Aralia, leaf traces in, 148 
Araucaria^ absence of wood parenchynia 

in, 102 

compression wood in, 228 
extension of leaf trace in, 185 
leaf-trace cambium in, 185 
persistent leaves of, 339 

Arceuthobixun, 393 

/ 

Arctium, venation in, 334 
A risaema, chromoplasts in fruit of, 1 
j)rotoxylem in fruit of, 136 
Aristolochia, anomalous stern of, 

310 , 311 

crushing of pith in, 156 
traces to lost petals in, 356 
Aristolochiaceae, seed coats of, 372 
Aroids {see Araceae) 

Artemisia, stem of, 299 
Artocxirpus, fruit of, 369 
Asarjixn, collenchyma in, 84 
petiole bundles in, 329 

tyloses in, 222 . 

Asclepiadaceae, internal phloem m, 

intrusive growth in, 12 
nonarticulate latex ducts in, H- 
Asclepias, collenchyma in, 84 
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AsclepidSf parenchyma in, 83 
primar>’^ vascular system of, 154 
vascular bundles in, 308 
Asiininay fruit of, 366 
Asparagus, leaf of, 387 
Aspidium, vascular skeleton of loaf of 
318 

Aster, collenchyma in, 85 

compression of outer tissues in, 182 
Aubrietia, hairs on, 170 
Avena, hairs on, 170 
leaf of, 328 
stem apex of, 73 
Avocado (see Persea) 

Axis, aerial and subterranean, 1 
ontogeny of, 124, 126 
parts of, 1, 123, 277, 293 
structure of, 3 

B 

Balsaminaccae, seed coats in, 372 
Banana (see ^fusa) 

Banksia, leaf of, 383, 384 
stomata of, 387 
Bark, 258 

exfoliation of, 259, 260 
inner, 231 
“ring,” 260 
scale, 269 
uses of term, 254 
Bars of Sanio, 49 
Basswood (see Tilia) 

Bast, of commerce, 246 
definition of. 111 , 112 , 231 
fibers, 112, 246 

Bauhinia, anomalous stcnn in, 310 
Beet (see Beta) 

Begonia, anomalous stem in, 310 
leaf of, 383, 388 
leaf-trace bundles in, 314 
root germs in, 290 

Berberidaceae, derivation of woody st(*ms 
of, 300 

medullary bundles in, 314 
seed coats of, 372 
Berries, epidermal cells of, 362 
Beta, anomalous structure in, 313, 314 
collenchyma in, 87 
seed of, 371 

Betula, abscission of leaves in, 269, 270 


Bftula, periderm of, 255 

“annual rings” of cork in, 261, 256 
“bark” of, 254, 258 
cork cells in, 250 
lenticels in, 265, 2()() 
phellem in, 261 

wood of, clustered vessels in, 215 
curly grain in, 227 
diffuse-porous, 214 
lieartwood in, 223 
I^ith-ra}' Hecks in, 228 
vessel element in, 96 
Bidens, host to Cuscuta, 394 
Bignonia, anomalous stem in, 310 
Binucleate cells, 27 
Birch “bark” (see Betula) 

Black walnut (see J uglans) 

Blackberry (see Rubus) 

Blephilia, fusion in calyx of, 347, 348 
Blueberry (see Vaccinium) 

Boraginaceae, medullary sheath of, 156 
Bordered pit-pair (see Pit-pairs) 

Branch, abscission of leafy, 267, 272-274 
scar periderm of, 274 
shedding of leafy, 275 
Branch bases, burial of, 197, 198-200 
stripping of phloem at, 197 
Branch gap, 143, 144, 146, 146 

relation of secondary growth to, 186 
in woody stem, 297 
Branch traces, 143-146, 149, 183 
burial of, 185 

Brazilian rubber tree (see Hevea) 
Bnjophyllum, rooting in, 290 
Bryophytcs, apical cell in, 66, 67 
Bud scales, cork laj^ers on, 261 
secretory cell in, 116 
Budding, cambium in, 201 
Buds, meristems of adventitious, 63, 163 
Bundle ends in leaf, 322, 326, 327 
Bundle sheath, 320, 326, 328-330, 336 
Burial, of branch bases, 197, 198-200, 275 
of branch traces, 185 
of leaf-trace bases, 181, 184 
of wound, 201 
Burls, formation of, 201 

C 

Cactaceae, fleshy xerophvtes, 388 
leaf of, 387 
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C/actaceae, leaf traces in, 314 
stem apex of, 73 

Calceolaria^ epidermis of corolla in, 368 
(alius, 200-201 
definitive, 108 

development in sieve ('lements, 107- 
109, 245 

formation of, 200-201 
Calocarpum, periderm in fruit of, 201, 
363 

Calycanthaceac, cortical bundles in, 314 
Calycanthus, flower of, 353 
Calyptrogen, 75 
Calyx, anatom}^ of, 347 
hairs on, 170 
“Calyx tube,” 368, 369 

Cambium, 60-67, 175-202, 188, 189, 193, 

196 

accessory, 63, 312-314 
in budding and grafting, 201 
cylinder, 177 , 179 
duration of, 180 

effect on primary body of, 180-182 
fascicular, 177 , 178 

formation of xylem and phloem by, 

186 , 196 

growth about wounds, 200-201 
initials of, 61, 99 , 176, 187-190, 192 , 
194 

cell division in, 26 , 191 
primarA^ pit-fields in, 28 
interfascicular, 177 , 178 
in monocots, 201, 202, 302 
position in axis of, 3 , 4 
in roots, 119, 176, 179 
in stems, 164, 178-179 
storied, 190 
structure of, 187, 193 
time of activity of, 195-197 
“Cambium-miners,” 228 
Campanulaceae, internal phloem in, 305 
Canal-like cavities, of septal nectaries, 
117 

of simple pits, 39 
Canals, 8 
oU, 116 

in pericycle, 158 
resin, 116 

Canna, seed coat of, 374 
tyloses in, 222 


Cannabis, compression of outer tissues in, 
182 

fibers in, 86, 111, 157 
development of, 88 
C’aprifoliaceae, sieve-tubes in, 107 
traces to lost carpels in, 356 
vestured pits in, 48 
Carica, druse in cell of, 20 
latex, 118, 364 

C’aricaceae, articulate latex ducts in, 120 
ligni flea t ion in wood of, 225 
Carnivorous plants, 117 
Carotenes, 18 
Carotinoids, 18 
Carotins, 18 
Carpels, 359-360 
bundle fusion in, 360 , 367 
fusion of, 349 , 361 
reduction of bundles in, 356, 367 
syncarpy, 349 
traces of, 344, 359 
traces to lost, 356, 360 
vascular structure of, 360 , 367 
Carpinus, aggregate rays in, 217 
periderm in, 255 
C’arrot (see Daucus) 

Canja, bark of, 258, 259 
bundle sheath in, 328 
crystals in nutshell of, 20 
fruit of, 367, 369 

phloem of, 232, 233 , 236 , 237, 230-241 
root cuttings of, 290 
wood, cell arrangement in, 328 
crystals in, 20 
durability of, 225 
libriform fibers in, 94 
parenchyma in, 102 
Carvophyllaceae, fruit of, 368 
leaf traces in, 148 
vestigial traces in flower of, 356 
Casparian dots, 158, 169 
Casparian strips, 48, 158, 169 
Castanea, curly grain in wood of, 227 
durability of wood of, 226 
embryo in seed of, 376 
inflorescence, abscission in, 275 
leaf abscission in, 268, 269 
parenchyma in, 83 
phellogen in, 253 
secondary phloem in, 241, 243 
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Castilloa, abscised branches in, 272 

/ 4 

Casuarina, leaf-trace bundles in, 314 
stomata of, 387 

Catalpa, abscission of leaves of, 268, 269 
wood of, durabilitj' of, 222, 226 
ring-porous, 214 
tyloses in, 221 

vasicentric parenchyma in, 216 
Caulophyllutn, seed coats of, 375 
Ceiba, fruit of, 368 
CelastruSy stem of, 302 
Celery (see Apium) 

Cell, 7 

albuminous, 110, 242 

annular, 133, 134 

arrangement of, 7, 136, 214, 215 

cambiform, 240 

color in, 18 

definition of, 6 

development of, 9, 17 

division, 9, 24, 26, 26, 119, 191, 192 

enlargement in fruit, 361, 363, 364, 365 

inclusions, 13 

passage, 158 

plate, 24, 26, 26 

sap, 7, 13, 17, 369 

shape of, 8 

size of, 9 

transfusion, 158 

(See also Cell wall; Cells) 

Cell wall, 6, 7, 23 
calcium carbonate in, 50 
calcium oxalate in, 50 
centrifugal thickening of, 49 
checking in, 44 
chemical nature of, 49 
of collenchyma, 84 
“dentations” of, 46, 48 
of fibers, 87 
formation of, 24-26, 29 

gelatinous, 34, 49, 87, 93, 94, 95, 215, 
268 

gross structure of, 27-29, 30 
method of building of, 34 
mineralization of, in grasses, 50 
minute structure of, 30-34, 31, 33, 34 
origin of, 24 
of parenchyma, 83 
in phloem fibers, 1 1 1 
of sclereids, 89 


--Cell wall, sculpture and modification of, 
37, 38-41, 43-48 

septa in fiber-tracheids, 95 
silica in, 50 
tyloses in, 220, 221 
in wood, 224 

(See also Primar^^ cell wall; Second' 
ary cell wall) 

Cells, of abscission zone, 267-268 
cambium, 187-191, 194 
endodermal, 163 
epidermal, 165, 166, 167 
grit, 88 

of lenticels, 263 
meristematic, 61 
of periderm, 249, 250, 261, 252 
permanent, 61, 82, 124 
phloem mother, 186, 188 
phloem rav, 242 
tyloses in, 220, 221 
xylem mother, 186 

(See also Cell; Cell wall) 

Cellulose, in cell wall, 30, 31 
in endosperm, 376 
in fruit, 365 

orientation of fibrils in cell wall, 33 
in wood, 224 ’ 

Central cylinder, 1, 68, 123 
ontogeny of, 127 
of root, 281 

Centrospermae, roots of, 291 
Cephalanthus, petiole of, 329 
secondary phloem in, 233, 237, 241. 242 
Ceroxylon, wax on leaves of, 383 
Chaenomeles^ fruit of, 363 

Chenopodiaceae, accessorj' cambium in, 
312 

medullary sheath in, 156 

Chenopodinm, anomalous stem structure 
in, 313 

collenchyma in, 85 
pit-pairs in cells of, 44 
primary vascular system of, 160 
Cherry (see Prunus) 

Chestnut (see Casianea) 

Chicle, latex, source of, 118 
(See also Achras) 

Chimaeras, pcriclinal, plasmodesmata in 
37 
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ChionanthuSf traces to lost stamens in. 
356 

Chlorophyll, 18 

Chloroplasts, in A ponogeton^ 16 
in epidermis, 389 , 392 
in guard cells, 169 
of mesophyll cell, 7, 332 
structure of, 16 
in Todea, 16 
type of plastid, 14, 15 
in Zea, 14 
Chondriosomes, 17 
Chromoplasts, 14, 15, 16 
in petal, 359 

Chrysanthemum, fusion in corolla of, 348 
Cinnamon, 246 
Circaea, fruit of, 362 , 363 
leaf of, 392 

Citrullus, fruit of, 363 , 368 
pit-pairs in, 44 

Citrus, lysigenous glands in, 364 
oil cavity in, 115 

Citrus fruits, chloroplasts in seeds of, 17 
cuticle on, 61 
oil cavity in, 116 , 118 
pulp of, 364 

Clarkia, epidermis of corolla in, 368 
Clematis, dormant phloem in, 245 
interfascicular cambium in, 178 
parenchyma in, 83 
pit-pairs in pith of, 44 
vascular rays absent in, 208, 241 
woody stems of, 298 , 302, 303 
Clethra, seed of, 372 

Closing membrane (see Pit membrane; 

Pit-pairs) 

Club mosses, absence of leaf gaps in, 145 
exarch xylem in, 129 
pits in tracheids of, 92 
protostcle in, 142 
C/Oconut (sec Cocos) 

Cocos, fruit of, 361 

rhytidome-like layer in, 260 
sclerenchyma in, 86 
Cohesion (see Fusion) 

Coleus, abscission of leaves in, 270 
tyloses in, 222 

Collench>Tna, cell wall in, 33 
in cortex, 163, 164 
in fruit, 364, 366 


Collenchyma, in hydrophytes, 391 
in leaves, 330 
simple tissue, 82, 84 , 85 
Color, autumn, 18 
in cells, 18 
Columella, 279 

Comhretum, interxylarj" phloem in, 311 
Comrnelinaceae, secondar}' root hairs in, 
280 

Companion cells, 104, 106 , 109-110, 238 , 
239 

ontogeny of, 109, 196 
Compositae, articulate latex ducts in, 120 
flower of, reduction in, 356 
leaf traces in, 148 
lignification in phloem of, 246 
medullary sheath in, 156 
pericarp of, 368 
phloem in, internal, 305 
secondary, 239 
root hairs in, 166 
seed coats of, 371 
stem of, 298 

Conduction, horizontal and vertical in 
phloem, 243, 244 
in roots, 277 
in secondary xylem, 204 
in trees, 209 
in xjdem rays, 217 

Ck)nifers, bordered pit-pairs in tracheids 
of, 40 

compression wood in, 228 
perforations in pit membrane in, 41 
trabeculae in tracheids of, 48 
tylosoids in, 221 

{See also Gyninospernis ; listed genera 
of conifers) 

Conjunctive tissue, 301, 312, 313 
Conopholis, 393 

Convolvulaceae, internal phloem in, 3 o 
Convolvulus, tyloses in, 222 
Copernicia, wax on leaves of, 383 
Corallorrhiza, 394 

Cordyline, secondary growth in, 302 
storied cork in, 260, 261 
Coreopsis, hairs on leaf of, 170 
( urk, eommercial, 250, 261, 256, 267, ^ 

lenticels in, 266 
.secondary tissue, 123 
(See also Phellem) 
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Cork cambium, 63, 65, 67 
(See also Phellogen) 

Cork oak (see Quercus suber) 

Comus, adnation in, 353 
cuticle on stem of, 61, 54 

phloem parenchyma in, 236, 239, 240, 
244 

ray cells in, 243 
Corolla, epidermis of, 368 
fusion in, 348 
hairs on, 170 
reduction in, 356 
Corpus, 69, 70, 73 

Cortex, 1, 3, 68, 77, 123, 163, 164, 165 
bundles of, 314 
crystals in, 20 

effect of cambial activity on, 181-182 
in fruit, 369 

latex cells in, 116 

meristem in, 369 

of monocot stem, 301 

origin of aerenchyma in, 390 

parenchyma in, 83 

photosynthetic, 386, 386 

primary, 163 

of root, 280, 281, 283 

suberization of pnmary cells of, 260 

tannin in, 22 

Corylus, petiole bundles in, 329 
Cotoneasier, root germs in, 290 
Cotton “fibers,” 373 
Cotyledons, plasmodesmata in, 35 
Crassulaceae, fusion in flower of, 351 
Crassulae, 40, 49 

Crataegus, fruit of, ripening in, 365 
scelerenchyma in, 86 
Crotch angles, distortion of tissues in, 
190, 198, 200 
phloem in, 197, 198 
wood parenchyma in, 198 
zone of weakness in, 199 
(’ruciferae, seed coats of, 372 
vestured pits in, 48 
Crushing, of cortex, 182 
of endodermis, 163, 181 
of outer stem tissues, 300 
of pericycle, 182 

of phloem, 126, 131, 132, 181, 182, 196 
232, 238, 244, 286 
of pith. 156 


Cryptogramma, leaf of, 392 
Crypiomeria, stem apex of, 72 

Cryptostegia, nonarticulate latex ducts in 
119 

Crystal sand, 19 
^^rCw^stalloids, 22 
Crystals, 13, 19, 20, 83 
in cell wall, 50 
in endodermis, 158 
in epidermis, 165 

in phloem parenchvma, 110, 113 241 
246 

protein, 22 
in tyloses, 220 
in xylem, 103 
Cucumis, hairs in, 170 
stomata in, 168 

Cucurhita, cambiform cells in, 240 

development of secondary vascular tis- 
sue in, 196 
fruit of, 366 

phloem of, companion cells in, 239 
internal, 304 
primarj^ 132 
primary skeleton in, 149 
root-stem transition in, 296 
tyloses in, 222 
vessel elements in, 100 

Cucurbitaccae, bundles in, bicollateral 
139, 305 ’ 

medullary, 314 
placental, 355 
fruits of, 361, 368 
traces to lost stamens in, 356 
Curcuma, storied cork in, 260, 261 
Cuscuta, 393, 394 
Cuticle, 61, 52-54, 260 
on fruits, 362, 366 
on petals, 359 
on seeds, 374 
Cuticiilar pegs, 62, 53 
Cuticularization, 53, 382 
Cutin, in cell wall, 32, 49 
Cutinization, of cell wall 34 49 5 *? 
in herbaceous monocots, 260 
in roots of pteridophytes, 291 
^ in xerophytes, 382, 384, 387 
Cycads, anomalous structure in, 315 
girdling traces in, 148 
stem apex of, 72 
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Cyca^j leaf of, 382 , 386 
CyperuSj leaf of, 337 
C ypripediurrij seed of, 372 
Cystoliths, 19, 50 
Cytoplasm, 7 , 10, 13, 17 , 24 , 26 

I) 

Dalibaj'da, ovary of, 364 
Dandelion {see Compositae; Taraxacum) 
Darbya, ovary of, 353, 364 
Dasylirion, leaf of, 61 , 382 , 384, 385 
Date {see Phoenix) 

Daucus, chromoplasts in, 15, 16 
lenticels in root of, 263 
Deciduous plants, rupture of leaf trace 
in, 184 

Decodon, aerenchyma of, 8, 390, 391 
Defoliation, growth-ring formation after, 
208 

Dehiscence, 369 
Delphinium, seed coat of, 374 
Dermatogen, 68 , 76 , 126 
Dianthera, bundle arrangement in, 152 
Diaphragms, 390, 391 
DicHptera, seed coat of, 374 
Dicotyledons, bundle arrangement in, 
152, 307, 308 
bundle ends in, 327 
endodermis in, 161 
leaf in, 317, 319, 330 
leaf abscission in, 269 
medullary bundles in, 314 
primary type endodermis in, 159 
root apex of, 77 , 78 
secondary phloem in twigs of, 239 
seed coats of, 371 
stems of, 289 , 299 
venation in, 334 
xerophytic stem of, 386 
{See also Angiosperms) 

“ Dictyostele,” 141 , 142 
Differentiation, in meristems, 60, 65, 67, 
71 

in time and space, 124 
of tissues in fruits, 361, 363 , 364 
of tissues in leaf, 324 
of xylem and phloem in leaf, 323 
Digitalis, primary vascular cylinder in, 154 
stem of, 299 


Dionaeay digestive glands of, 117 
Dioscoreae, secondary growth in, 302 
Diospyrosy fruit of, 364, 366 
fusiform cambium cells in, 190 
plasmodesmata in endosperm of, 35, 
36 

seed of, 376 

wood of, 213 , 218, 223, 225 
cell arrangement in, 215 
pit-pairs in, 44 

Dipsacus, root-stem transition in, 295 
Dirca, abscission of stems in, 274 
phloem of, fibers in, 111, 241 
secondary, 237 

Distortion, of secondar>^ vascular tissue, 

196 , 196 , 308 

of tissue in crotch angle, 198 
of tracheid, 91 

Dracaena, cambial growth in, 201, 202 
cuticle on stem of, 61 
sclerenchvma hi, 86 
secondary growth in stem of, 302 
storied cork in, 260 
Drosera, digestive glands of, 117 
Drupes, epidermal cells of, 362 
stony layer of, 367 
Druses, 19, 20 

in phloem parenchyma and sclereii- 
chvma, 246 

V 7 

Dry fruits, 362 , 367-368 
pericarp of, 362 

Duabanga, vestured pit-pairs in, 47 
Duchesnea, achene of, 367 
Dulichium, primary vascular system m, 

160 

Duramen, 223 

K 

Ebony {see Diospyros) 

Ecological anatomy, 380-396 
epiphytes, 388 

hydrophytes, 388, 389 , 390, 391 , 392 
parasites, 393, 394 , 395 
saprophytes, 394 
shade leaves, 392 

xerophytes, 380-381, 382 , 383 , 384, 
386 , 386 , 387, 388 
Elaiine, stem of, 389 
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Elongation, of cells in xylem maturation, 

195 

of protophloem and protoxylem, 134 
in protoxylem, 136, 136 
in roots, 285 

Elymus, sclerenchyma in leaf of, 336 
Embryo, 361, 372, 376 
chloroplasts in, 16 
Emergence, 1, 2 
Endocarp, 360 
sclerenchyma in, 86 
Endodermis, 158, 169, 160, 161-163 
in axis, 3, 123, 126 

effect of cambial activitj’^ on, 181-182 
function as diffusion layer, 161-162 
in hydrophytes, 392 
inner, 169, 160, 161, 304 
in leaf, 386, 387 
origin of some meristems, 163 
outer, 169 
primary, 158, 159 
in root, 77, 277, 282, 287 
in stems, 157, 389 
Endosperm, 361, 369, 370, 376 
exalbuminous, 371 
“horny,” 376 
plasmodcsmata in, 35, 36 
plastids in, 16, 17 
Enlada, interxylary phloem in, 311 
Entomopliiloiis plants, 117 
Environment, 380 
aquatic, 380 
mesophytic, 380 
xerophytic, 380-381 

Enzyme, activitj” of, causing gummosis, 
228 

activity in parasites, 393, 394 
protein-digesting, 117 
secretion, 117 

Ephedra, prirnar}^ vascular system of, 160 
Epidermis, 1, 3, 68, 123, 164, 165-171 
biseriate, multiseriate, 165 
of corolla, 368, 359 
cuticle on, 61 

effect of cambial activity on, 181 
of fruits, 362, 363 
function of, 166 
of hydrophytes, 389 
of leaves, 331-333, 337 
liRnification of, 382, 386 


Epidermis, in monocots, 260 
origin of aerenchyma in, 390 
of root tip, 77 
of seed coats, 373 
of xerophytic leaves, 383, 384, 386 
Epigaea, fruit of, 368 
hairs on corolla of, 170 
Epiphytes, 388 

Equisetum, apical cells of, 65, 67, 76 
endodermis in stem of, 169 
intercalarj' meristem in, 66 
leaf of, 387 

leaf gaps absent in, 145 
mineralization of cell wall in, 50 
stem of, 386, 387 
protoxylem in, 136 
stomata of, 386 
vascular bundles in, 307, 326 
Ergastic substances, 13, 19 
Ericaceae, anatomy of ovary in, 354 
chloroplasts in, 17 
leaf traces in, 148 
placental bundles in, 355 
traces to lost carpels in, 356 
Enjthrina, epidermis of corolla of, 368 
Eucalyptus, wood of, 46, 225 
Euonymus, corky-winged stem of, 250 
Eupatorium, persistent root hairs of, 280 
Euphorbia, latex cells in cortex of, 116 
secretor\^ cells in nectary of, 116 
Euphorhiaceae, medullary sheath in, 156 
multinucleate stages of vessel elements 
in, 101 

nectaries in, 117 
nonarticulate latex ducts in, 119 
Evergreen trees, time of cambial activity 
in, 195 

{See also Leaf, evergreen) 

Exfoliation, of bark, 259, 260 
Exocarp, 360, 364, 367 
Exodermis, 291 
Expansion theory, 142 

F 

Fagaceae, sieve tubes in, 107 
vestigial traces in flower of, 356 

Fagus, sclereids in secondary phloem of 
241, 246 

periderm in, 255 
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Fats, in fruits, 365 
Ferns, anomalous structure in, 315 
apical cells in, 65, 67, 76 
bundles in, amphicribral, 140 
arraiiKoment of, 152 
leaf in, 317, 325, 339 
leaf gaps in, 145 
inesarch xylein in, 129 
mucilage in cells of, 116 
pits in traclieids of, 92 
stelar types in, 142, 304 
Festuca, sclerenchyrna in leaf of, 336 
Fiber-tracheid, 93, 94, 95 
in angiosperm wood, 216 
in gym nosperm wood, 216 
pits in, 93 
septate, 94 , 95 
wall, minute structure of, 31 
fibrils in, 32 

Fibers, 86, 87, 88, 93, 94, 95 
in angiosperm wood, 216 
bast, 112, 246 
cortical, 112, 163 
cotton, 171 
development of, 88 
in fruits, 367 

gelatinous wall in, 49, 87, 93, 94, 215 
in gymnosperm wood, 216 
in leaf, 331 

libriform wood, 93, 94, 215 
multinucleate, 87 
pericyclic, 131, 157, 331 
phloem, 112 

pit-pairs in, 43 , 44 , 87, 93 
sheaths of, around vascular bundles, 
138, 308, 309 
size of, 9 

(See also Phloem, fibers of, i 
Fibrils, 32 

orientation, in fiber-tracheids and wood 
fibers, 32 

in latewood tracheids, 33 
Fibrovascular bundle, 138, 308 
Ficus, cork layers on petiole of, 261 
fruit of, 369 

latex, source of rubber in, 118 
Flavones, 18 
Flax (see Linum) 

Fleshy fruits, 363-367 
epidermal cells of, 362 


Fleshy fruits, pericarp of, 362, 363 , 364 
ripening of, 365-366 
stony layer of, 367 

texture of, 366 

/ 

Floerkia, Heshy pericarp of, 363 
Floral apex, 71, 74 

Floral appendages, abscission of, 270-271 
in fruit formation, 367 
fusion of, 355 
traces of, 342, 356 

(See also Carpels; Petal; Sepal; 

Stamen) 

Flower, 341-360 
apetalous, unisexual, 356 
chromoplasts in, 17 
cuticle on, 53 
epidermis of, 166 
hairs on, 170 , 171 
nectaries of, 117 
ontogeny of, 341, 342 
organs of, 356, 367 , 368 , 359-360 
stele in, 342 

traces of floral appendages, 342 
vascular skeleton of, 342-360 
vascular structure of, 343 , 345-360 
Foliar traces (see Leaf traces) 

Follicle, reduction of, 356, 367 
P'ood storage, l)y phelloderrn, 252 
in roots, 277, 278 
by secondary phloem, 244 
by secondary xylein, 204, 217 
Forsythia, chromoplasts in petal of, 16 
Fossil plants, polysteles in, 142 
protosteles in, 142 
Fragaria, achene of, 367 
fruit of, 364 , 369 
tannin in, 21 

Fraxirius, cainbial initials in, 191 
leaf traces in, 148 
sieve tubes in, 107 
vessels in, 98 
wood of, 214, 223, 225 
parenchyma in, 216 
pit-pairs in, 44 

Freesia, bundle end in pi'tal of, 326 
Frost as a factor, in autumn color, 18 
in fall of leaves, 268 
Fruits, 360, 361, 362-364, 365-369 
abscission of, 267, 275 
accessory structures, 368 
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Fruits, cuticle on, 61 , 64 
dehiscence of, 369 
dry, 362, 367-368 
epidermis of, 34, 166, 362 
fleshy, 363-367 
hairs on, 170, 171 
morphology of, 360 
multiple, 369 
oil canal in, 116 
ontogeny of, 360-361 
parenchyma in pulp of, 83 
periderm in, 249, 261, 363 
placenta in, 368 
ripening, 361, 364, 365, 366 
sclerenchyma in, 86, 88, 89 
shape of, 361 
stony layer in, 367 
texture of, 366 

vascular skeleton of, 361, 362 
wax on, 54 
winged, 368 

Eutnaria, root-stem transition in, 295 
Fundamental tissue, 67 
Fungus, erosion in cell wall, 44 
in formation of mycorrhizao, 394, 395 
Fusion, under adnation, 361, 353, 354, 
355 

under cohesion, 347-361 
in floral vascular skeleton, 347 

G 

-Galls, 201 

Oaultheria, fruit of, 366 
Oaylussaciay glandular hair of, 116 
ovary of, 364 

Gentiana, seed coat of, 374 
Gentianaceae, internal phloem in, 305 
roots in, 291 
Geum, achene of, 367 
stem of, 299 

vestigial interfascicular cambium in, 
178 

Ginkgo, lenticels in, 265 
seed coats of, 375 
Glands, 116 
digestiv^e, 117 
hydathodes, 117-118 
laticiferous ducts, 118 
nectaries, 117 


Glands, resin, oil, and gum ducts, 118 
Gleditsia, persistent root hairs in, 280 
root lenticels in, 290 
Gliding growth (see Growth) 

Gne tales, vessels in, 98, 216 
Gossypinin, seed coats of, 373, 375 
Graft hybrids, plasmodesmata in, 37 
Grafting, cambium in, 201 
Grain in wood, 227 
bird’s-eye, 227 
curly, 190, 227 
silver, 227 
spiral, 190 

Gramineae, secondary suberization in, 260 
Grasses, anastomoses at nodes of, 301 
leaf of, 335-338 
bundle sheaths in, 336 
epidermis of, 337 
hydathodes on, 118, 327 
intercalary meristem in, 323 
mesophyll in, 337 
mestome sheath in, 161 
sclerenchyma in, 338 
stomata in, 338 
meristem in, 66, 69, 73, 75 
mineralization of cell wall in, 50 
Ground cherry (see Solanaceae) 

Growth, 60 

apical, of axis, 123 
cellular adjustment during, 10 
centripetal and centrifugal, 128, 129 
gliding (or sliding), 10, IQI, 194 
intrusive, 11, 194 

plasmodesmata changes during, 37 
I)rimary, 3, 123, 175 
in root, 75 
secondary, 3, 175 

burial of leaf-trace bases by, 181, 182 
in monocots, 301, 302 

relation to leaf and branch gaps of 
186 

in roots, 286, 286 
symplastic, 12, 194 

plasmodesmata distribution durimr 
37 

time of cambial activity, 195-197 
Growth layer (see Growth rings) 

Growth rings, 198, 208 
double (or multiple), 214 
false, 214 
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Giiaiacum, libriform fiber in, 94 
Ounrd rolls, 62 , 167, 168 , 169 
<4nminosiR, 49, 228-229 
(Inins, 19, 50, 118 

formation of, in giiinmosis, 228 
in heartwood, 223 
in phloem parenchyma, 246 
in tyloses, 220 
in xerophytie leaves, 384 
in xvlem, 103 

Gyrnnocladus, seed coat of, 370 
Oymnosperms, albuminous cells of, 242 
anomalous, 323 
cambium in, 190, 191 
collateral bundles in, 139 
ectophloic siphonostele in, 142 
endodermis in, 161 
leaf of, 387 
leaf gaps in, 145 
leaf traces in, 147 
ontogeny of vascular tissue in, 194 
origin of lateral roots in, 287 
perforated pit-membrane in, 39, 92 
persistence of leaves in, 338 
phloem in, 104, 105, 232, 239, 241 
plasrnodesmata in, 35 
protoxylem in, 133 
root apex in, 76, 78 
size of fibers in, 9 
transfusion tissue in, 113 
xylem rays in, 205, 206 , 218 

(See also listed genera of gynino- 
sperms) 

H 

Hairs, 1, 2 , 170 , 171 
on fruit, 362 , 368 
glandular, 116 , 171, 368 
on leaves, 338 
multicellular, 171 
root, 166, 167 , 277, 279, 280 
on seed coat, 373 , 375 
stinging, 116 , 171 
on xerophytes, 383 , 384 
Halophytes, 381 
Haustoria, of parasite, 394 
Hedera, inferior ovarj” of, 362 
HelianthuSj fusion of corolla of, 348 
Heliotropium, hairs on calyx of, 170 


Hclleborus, follicle of, 367 
Hemicellulose, in cell wall, 32 
Hemlock (see Tsvga) 

Hemp (see Cann<ihis) 

Herbaceous plants, abscission in, leaf, 270 
stem, 271 

cambium initials in, 190, 191 
leaf development in, 323 
medullar\" rays in, 205, 208 
primary phloem of, 232, 240 
root germs in, 290 

secondary phloem of, 231, 237, 238, 
239, 240 
stomata of, 169 
tyloses in vessels of, 222 
vascular bundles in, 307, 309 
Hcvea, articulate latex ducts in, 120 
latex, source of rubber, 118, 246 
Hibiscus, secondary phloem in, 238 
^lilum, 22 
Histogen, 68 , 75 
Histogen theory', 68, 75 
Horsetails (see Kquiselum) 

II urn ulus, stem of, 302 
Hydathodes, 393 
Hydrastis, follicle of, 367 
Hydrocharis, root apex of, 78 
Hydrophytes, 380, 388, 389 , 390, 391 , 302 

sclereids in, 89 
vessels absent in some, 216 
Hypericaceae, seed coats of, 371 
Hypericum, lateral root in, 287 
primary vascular cylinder in, 154 
Hypodermis, 163, 281 , 364, 382 , 383 , 384, 
386 , 387 

I 

I-beam structure, in leaf, 331, 336 
Ice crystals, in separation layer, 268 
I mpatiens, collenchyma in, 85 
discrete vascular bundles in, 177 
primarj' skeleton of, 149 
Impregnation of wood (see ^^ood, 

pregnation of) 

Inclusions, nitrogenous, 22 
of protoplast, 13, 19 
Inflorescences, abscission ot, 27o 
in fruit formation, 360, 369 
supra-axillarv, 355 
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Initials, of cambium, 61, 99, 176, 192 
of endodermis, 163 
of floral apex, 71, 74 
fusiform, 187, 192 
of leaf, 324 
of ray, 187 
of root, 76 

of stem, 69-71, 72-74 

{See also Apical cells; Cambium; 

Meristcm) 

Insectivorous plants, 117, 393 
Integuments, 369, 370, 371, 372, 373 
Intercellular layer, 24, 28 
Intercellular spaces, in collenchyma, 85 
m epidermis of petals, 368, 359 
formation of, 29 
in fruit, 365, 368 
in hydrophytes, 390 
kinds of, 8 

in palisade mesophyll, 320 
in parenchyma, 83, 100 
in root cortex, 281 
in seed, 376 


{See also Air chambers) 
Intercellular substance, 24, 28 
Internode, meristem in, 66 
telescoping in floral apex, 74, 341 
vascular structure of, 161 
Interxylary phloem {see Phloem) 
Intracellular fluid, 365 
Intraxylary phloem {see Phloem) 
Intrusive growth {see Growth) 
Intussusception, 35, 220 
Invasion theory, 142 
Ipomoea, leaf of, 330 

Iresine, primary vascular system of, 160 
Iridaceae, seed coats of, 372 
fm, intercalary meristem in, 66, 323 
inverted bundles in leaf of, 336 
ovary of, 364 
IsoUes, stem apex of, 72 



Juglaj^s, fruit of, 363, 367 
inferior ovarj'’ in, 362 
leaf traces in, 148 
phellogen in, 253 

phloem in, 105, 106, 233, 237, 239, 240 
tyloses in, 221 

wood of, 214 

durability of, 222 

Jujube {see Zizyphus) 

Juncaceae, secondarj^ suberization of cells 

in, 260 

tl uniperus, phloem fibers in, 241 
wood parenchyma in, 216 



Kapok, 368 

Kauri gum (see Agathis) 
Kerrui, cuticle on twigs of, 54 
Kinoplasrn, 27 
Kinoplasrnasomes, 26, 27 

I^ots, in lumber, 197 
Krugiodendron, wood of, 225 


L 

Labiatae, intercalary meristem in, 66 
leaf traces in, 148 
stem of, 298 

traces to lost stamens in, 356 
Lactuca, collenchyma in, 85 
seed coat of, 373 
stomata in, 168 
Lacunae, 8, 389, 392 
Larix, cambial cells in, 90, 190 

orientation of cellulose in cell wall of 

33 

pit-membrane perforations in 41 
wood of, 215, 216 

terminal parenchyma in, 216 
Latex, articulate ducts of, 119, 120 
cells and vessels of, 9, 116 
in fruit, 364 


deffersonia, leaf of, 392 

Juglandaceao, placental bundles in, 356 
duglans, adnation in, 355 
cambium in, 189, 190, 191 
crystals in, 20 
diaphragmed pith in, 155 


inclusion of protoplast, 19 
intrusiv'e growth in cells of, 12 
nonarticulate ducts of, 11<)’ 
in pericycle, 158 

in phloem parenchyma, 110, 246 
iMthynis, root-stem transition in, 290 
Lattices, 105, 106, 108, 236, 237 
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Lauraceae, leaf traces in, 148 
traces to stamen in, 343 
Leaf, 1, 2, 317-339 

aliscission of, 267-270, 269 
collenchyina in, 330 
cuticle on, 61 , 62 , 53 
cystoliths in, 50 
endodermis in, 169 , 161 
epidermis of, 332-333 
evergreen, extension of traces in, 186 
of grasses, 335-338 
hairs on, 116 , 170 
h^’dathodes in, 117 
of hydrophytes, 389 , 300, 391 
ineristem in, 66, 67, 319 
inesophyll of, 331, 332 
of monocots, 333-338 
bundles in, 336 
ontogeny of, 334 

ontogeny of, 319, 320 , 321, 323 , 324 
of parasites, 393 
persistence of, 338, 339 
phyllotaxy of, 318 
primordia of, 63 
of saprophytes, 394 
sclerenchyma in, 89, 330, 331 
shade, 392 

stomata in, 168 , 169, 333 
structure of, 326 , 328 , 329 
tip, 131 

transfusion tissue in, 113 
vascular structure of, 128, 139, 318 , 
322 , 324-330 
wax on, 54 

of xerophytes, 382 , 383 , 384, 386 , 387 
{See also Grasses, leaf of; Mesophyll) 
Leaf gap, 143 , 144, 146 , 146, 149 , 183 
relation of secondary growth to, 186 
in woody stem, 297 
Leaf-scar periderm, 268, 269 
Leaf traces, 142, 143 - 146 , 147 , 148, 149 , 
152, 163 , 183 , 314 
burial of bases of, 181 , 182, 184 
extension of, 186 
in ferns, 325 
girdling, 147 , 148 
in monocots, 301 
in petiole, 325 
rupture of, 183, 184 
tyloses in, after fall of leaf, 222 


Leaf traces, in woody stems, 297 
Leersia, hairs on leaf of, 338 
J^egumes {see Leguminosae) 
Leguminosae, cell division in cambium of, 
192 

seed coat of, 374 
sieve tubes in, 107 
stems of, 298 
vestured pits in, 48 
^_J-<enticels, 262-266 

closing cells and layers of, 263-266 
complementary cells and tissue of, 
263-266 
in cork, 267 
distribution of, 262 
duration of, 266 
formation of, 263 
in fruits, 363 
origin of, 263-264 
of roots, 290 
structure of, 264-266 
Lenticular scale, 255 
Lepidium, seed coats of, 370 
LeptocarpuSj stem of, 386 , 386, 387 
Leucoplasts, 14, 15, 16 
amyloplast, 16 
elaioplast, 16 
in epidermal cells, 165 
in sieve elements, 104 
Lianas, 310 , 312 
“Light line,” 370 , 374 
Lignification, in abscission, 269 
in cell wall, 34, 49 
in fruit, 367 

of phloem parenchyma and ray cells, 

246 

in root of ptcridophytcs, 291 
in xerophytes, 382, 384 
Lignin, in cell wall, 31, 32 
in wood, 224 

Lignocellulose, in wood, 224 
Lignosuberin, 158 

in abscission, 268, 269 
Lignum vitae {see Gj/niacujn) 

^Ligule, 335 
Lilac {see Syririga) 

Liliaceae, fruit of, 362 
roots in, 291 
seed coats of, 372 
Lilies (see Liliaceae) 
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Liliiflorae, secondary growtii in, 302 

Limim, compression in outer tissues 

182 

epidermis of corolla of, 368 
fibers in, 88, 111, 157 
procambium in, 126 
seed coat of, 373, 375 
Liquidambar, stem of, 250, 298 
Diriodendron, buried branch base of, 200 
cambial cells in, 190 
diaphragmcd pith in, 155 
fiber-tracheid in, 94 
oils in bud scales of, 116 
phloem cells of, 104, 106 , 110 
pit-pairs in vessel of, 43 

secondary phloem in, 234 , 237, 240, 241 
tyloses in, 221 

vessel element of, 96 
winter buds in, 321 
wood of, 215 

Lobelia, endodermis in, 169 
primary xylem in, 130 , 136 
vessel element of, 96 
Lonicera, adnation in, 361 , 353 
root germs in, 290 
woody stem of, 298 
I^umen of the cell, 6 
Lychnis, traces to lost stamens in, 356 
Lycopersicon, fruit of, 361, 368 
chromoplasts in, 16 
seed coats of, 373 , 375 

Lycopodium, bundles in leaves of, 326 
stem apex of, 70, 72 

Lycopsida, absence of leaf gaps in, 145 
Lysigenous cavities, 8, 116 , 118 
Lysigenous ducts, in fruit, 364 
Lysimachia, petal of, 368 

traces to lost stamens in, 356 
Lythraceae, seed coats, 372 
Lythrum, aerenchyma in, 390 

Madura, adnation in, 353 
durability of wood of, 222, 226 
“multicellular" tyloses in, 221 
sieve plate in, 237 
Magnolia, bark of, 258 
bundles in stamen of, 359 
cortex of, 164 


Mag7iolia, phellogen in, 253 
pit-pairs in, 43 , 44 
seed coats of, 370, 375 
iVIagnoliaceae, seed coats of, 372 
xMahogany {see Stvietenia) 

“Malpighian cell," 374 
^ralu$ pumila, crystals in phloem of, 20 
development of xylem and phloem 
from eambium in, 193 
fruit of, 362-363, 365-367 
abscission of, 275 
cuticle on, 61 
periderm in, 249 
leaf of, bundle ends in, 326 , 327 
bundle sheaths in, 328 

ontogeny and structure of, 320 , 326 
328 ! * 

stomata in, 168, 333 
vascular skeleton of, 318 , 322 
leaf and branch traces in, 183 
ovary of, 364 
phellogen in, 253 

phloem of, parenchyma in, 110 
fibers in. 111 
rays in, 241 
sieve element in, 106 
lootings of, 290 

secretor}' tissue in nectary of, 116 
seed coat of, 370 

vascular floral skeleton of, 361, 366 
wood of, diffuse-porous, 212 
heavy, 212, 225 
pit-pairs in fiber of, 43 
starch and tannin in, 21 
wet heart wood, 223 
xylem of, 212 

fiber-tracheid in, 94 
parenchyma in, 102, 212 
vessel element in, 96 
Malvaceae, seed coat of, 371 
source of "bast," 246 
Mangifera, fruit of, 367 
Alango {see Mangifera) 

Manila hemp, development of fibers in, 

o8 

Marattia, plasmodesmata in, 36 

Maturation, acropetal, of meristem, 66 
basipetal, 66 
in leaf, 323 

order of, in xylem and phloem 128 
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Maturation, physical and chemical 
changes in cell wall during, 34 
of procambial cells, 176 
of xylem, 128, 323 
Medeola, stoma ta in, 168 
Medicaqo, root-st(‘m transition in, 2t)() 
“Medullary” bundles, 313 , 314 
Medullary ray, 205, 208 
of vines and herbs, 303, 304 
Medullary sheath, 156 
Medullary spots, 228 
Melastomaceae, cortical bundles in, 314 
yfelilotus, collenchyma in, 85 
yfenisperjnuyn, stem of, 302 
Meristem, 60-78 
classification of, 61 
function, 67 

history of initiating cells, 63 
1 position in plant body, 64 
j stage or method of development, 61 
development from promeristem, 124, 

126 

• “embryonic,” 62 
'l file, 62 
in fruit, 369 
' ground-tissue, 67 
intercalary, 64 , 66 
in leaves, 323, 334 
lateral, 64 , 65, 67, 248 
marginal, 67, 319, 320 
mass, 62 
plate, 62 
primary, 63 
“primordial,” 61, 124 
rib, 62 

theories of structural development and 
differentiation of, 67-74 
apical cell, 67 
histogen, 68 
tunica-corpus, 69-74 
“ Urmeristein,” 61 

{See also Apical meristenns; Matura- 
tion) 

Meristematic tissues, 60, 61, 82 
mature protophloem in, 131 
Mesocarp, 360, 368 
Mesophyll, 331-332 
cell of, 7 , 14 
in cotyledon, 376 
in grass leaf, 337 


Mesoph}'!!, ontogeny of, 319, 323 
of petal, 368 , 359 
in shade leaves, 392 
spongy and palisade parenchyma in 
mesophytic l(*.‘iv('s, 320 , 326 , 328 , 
331-332 

in x('ropliytie, l(‘av(‘s, 382 , 383 , 384, 
386 , 387, 388 
Mesophytes, 380 
Mestome sheath, 161, 337 
Methods of study, 4 
Micellae, structure of fibril, 32 
Middle lamella, chemical changes in, 34 
formation of, 24 , 28, 29 , 34 
loose use of the term, 33 
Mineralization of cell wall, 50 
Mints (sec Labiatae) 

^Firabilis, root-stern transition in, 295 
ytilchclla^ adnation in, 353 
Mitochondria, 17 

^[onardc^^ fusion in calyx of, 347 , 348 
Monocotyledons, endoderrnis in, 159, 161 
fibers in, size of, 9 
intercalary meristerns in, 66 
leaf in, 317, 333-338 
bundles in, 336 
grass, 335-338 
ontogeny of, 334 
persistence of, 339 
primary phloem in, 132, 232 
companion cells in, 109 
protective layers in, 260, 261 
root in, 291 
apex of, 77, 78 
phloem in, 285 
secondary root hairs on, 280 
root cap in, 74 
r*oot-stern tr’ansition in, 296 
s(‘eondar\v growth in, 175, 201, 202, 

217, 301, 302 
seed coats of, 371 
septal nectaries in, 117 
stem of, 299 , 301, 302 
xerophytic, 386 
storied cork in, 260, 261 
vascular bundles in, 140, 306, 307, 
arrangement of, 152 
vessels in, 98 
Monost('le, 141 
Moiiotropa, 394 
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Moraceae, cystoliths in, 50 
sieve tubes in, 107 
source of “bast,” 246 
“Morphological roots,” 280 
^^orus, abscission of stems in, 271 
clurabilit}^ of wood of, 222 
fruit of, 369 

lenticels in root of, 262, 265, 266, 290 
Motor cell, 338, 384 
Mucilages, in cell wall, 34 
in endoderrnis, 158 
in epidermis, 165 
in fruit, 364 

in phloem parenchyma, 110 
in protoplast, 19 
in secretory cells, 115 
in seed coat, 373, 375 
in xerophytic leaf, 383, 388 
M usa, cuticle on leaf of, 62, 53 
endoderrnis in root of, 160 
fruit of, 364 
leaf of, 335 

starch in pericarp of, 21 
vascular bundles in, 308 
Miisaceae, articulate latex ducts in, 120 
traces to stamen in, 343 
Mycorrhizae, 394, 395 
^fyrica, wax on fruit of, 54 
^hjriophijUum, leaf of, 390 
Myrtaceae, internal phloem in, 305 
vestured pits in, 48 

X 

Xarcissus, leaf of, 335 

Nectary, secretory tissue of, 116, 117 
•septal, 117 

•\epenthcs, digestive glands of, 117 
\epetaf collenchyma in, 85 
fusion in calyx of, 347, 348 
Nettles (see Urtica) 

New Zealand flax, 88 
y^icotiana^ ontogeny of leaf of, 323 
root apex of, 77 
Nitrogen, in soil, 197 
Node, in monocot sterns, 301 
vascular structure of, 161 
Nucellus, 369, 370, 372 
Nucleus, 13 

m cell development, 10 


Nucleus, division of, 24, 26, 26 
of mesophyll cell, 7 
Nyssa, diaphragmed pith in, 155 
marginal ray cells in, 220, 242 
phloem ray cells in, 243 

O 


Oak (see Quercus) 

Obliteration, of phloem, 232 
of sieve tubes, 245 

Ochroma, wood of, 213, 225 
Oil ducts, 118 
globules, 13, 19 
Oils, 50 

in bud scale, 116 
in endosperm, 376 
m fruit, 116 
in heartwood, 223 
in marginal ray cells, 220 
m phloem parenchyma, 110 
in xylem, 103 

Onagraocae, internal phloem in, 305 
seed coats of, 372 

Onopordum, hairs on stem of, 170 
Ontogeny, of axis, 124, 126 
of collenchyma, 85 
of epidermis, 166 
of flower, 341 
of fruit, 360-361 

of leaf, 319, 320, 321, 323, 324 
of parenchyma, 83 
of phellogen, 250 

of phloem, 189, 240, 304 
of pith, 155 

of procarnbium cylinder, 127 
of protoxylem elements, 136 
of root, 279 


of root tip, 77 

of secondary vaseular tissue 
of stem tip, 69 
of stoma, 169 


194, 196 


of vascular cylinder, 152 
of vessel, 98, 99, 100, 101 

Ophioglossurn, plasmodesrnata in 
of, 36 


cortex 


Orchids, 388 
seeds of, 373, 376 
Organs of plant, 4 
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Orientation, of bundles in leaf, 324-326, 

329 

of bundles in monocot leaves, 336 
of carpel bundles, 344 
of chloroplasts, 332 
“Ornamentation,’’ of fruits, 368 
of seeds, 374 
Orobanche, 393 

Osmunda, pit-pairs in tracheid of, 46 
Ostrya, strenjjjth and pliability of wood of, 
226 

Ovar^', development of fruit from, 360 
glandular hair of, 116 
inferior, 362, 353, 364, 355 
superior, 364 
s3mcarpous, 349, 355 
vascular structure of, 349 
Ovules, reduction of, 367 
trace of, 344 
traces to lost, 356 
vascular supply of, 355, 356 

P 

Palms, “horny” endosperm in, 376 
leaf of, 335, 339 
secondar}^ growth in, 302 

Papaveraeeae, articulate latex ducts in, 
120 

seed coats of, 372 
Papaya (see Carica) 

Parasites, 393, 394, 395 
vessels lost in, 98 
Parenchyma, 17, 82, 83, 86 
in cortex, 163, 164 
crystals in, 20 
in fruits, 363, 364, 367, 368 
palisade, 331 
pit-pairs in, 42, 44 
in primary' xylem, 130, 132, 136 
in seed coats, 375 
size of cells in, 9 
spongy, 331 
tannin in, 22 
wood, 102, 103, 216 

(See also Mesophyll; Phloem, paren- 
chyma) 

Peach (see Primus) 

— Pectin, in cell wall, 32, 84 


Pectin, in fruits, 365 
in middle lamella, 34 
Pedicel, abscission zone in, 275 
Pelargonium^ collenchyma in, 85 
epidermis of corolla in, 368 
Perforation, bars, 97 
multiple, 97 
plate, 97, 100 
reticulate, 98 
rim, 97, 100, 101 
scalariform 97, 102 
simple, 97, 102 

of vessel element, 96, 97, 99, 100 
(See also Pit membrane) 

^ Periblem, 68, 76 
Pericambium, 157 
Pericarp, 360, 362, 363, 368 
bundles in, 362 
of dry fruit, 362, 368 
fleshy, 363, 364 
pit-pairs in, 44 
sclerenchyma in, 86 
stony, 367 

Pericyle, 3, 123, 131, 157 
effect of cambial growth on, 181-182 
in monocot stem, 301 
origin of accessory cambia in, 312 
origin of lateral roots in, 277, 287 
origin of phellogen in, 254 
parenchyma in, 83 
of root, 77, 283 

Periderm, 164, 248-266, 249, 262 
in abscission zone, 267 
in branch scar, 274 
commercial cork, 267 
duration of, 255-256 
extent of, 255 
formation, 263, 254, 255 
in fruits, 363 
layering in, 266 
in leaf scar, 268, 269 
lenticels in, 262-266 
in monocots, 260, 261 
morphology of, 258-260 
origin of, 253-255 
of roots, 290-291 
scaling of, 269 
structure of, 248-253, 263 
wound, 262 

Perimedullary zone, 156 
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Persea, fruits of, 364, 366 
seed of, 376 

Persimmoii {see Diospyros) 

Petal, 356, 368, 359 
bundle end in, 326 

reduction of bundles in, 356 
traces of, 342 

traces to lost, 356, 360 
Petiole, 317 

bundles in, 325, 329 
cork layer on, 261 
cuticle on, 53 
ontogeny of, 321 
structure of, 329 

PhaseoluSj root-stem transition in, 296 
seed coat of, 370 
starch in cotyledon of, 21 

_ Phellem, 248, 249, 250, 261, 262, 267, 274 
390 

{See also Cork) 

_ Phelloderm, 248, 249, 252 
^hellogen, 248, 249, 250, 262, 253 
{See also Cork cambium) 
Philadelphus, lenticels absent in, 262 
Phloem, 2, 82, 103-113 
crushing of, 126, 131, 132 
definition of, 113 

fibers of, 104, 110, 111, 157, 164, 241 
331 

ontogeny of, 131 
platinous cell walls in, 49 
internal (or intraxylarjO, 139, 304, 306 
interxylary, 311-312 
mature, 119 
metaphloem, 130, 131 
mother cell, 186, 196 
orientation in leaf of, 324 

parenchyma, 83, 104, 110, 239-240 
crystals in, 20, 246 
formation of, 189 
gums in, 246 
lignification of, 246 
ontogeny of, 131 
resins in, 246 

sieve-plate-like pits in, 236 
storage in, 119 
tannin in, 21, 246 
primary, 3, 123, 126 
in clients, 132, 164 

effect of eambial activity on, 181-182 


Phloem, primary, in leaves, 326 
metaphloem, 131 
in monocots, 132 
ontogeny of, 127 

order of maturation in, 128, 130-132 
in roots, 282, 283, 286 
pit-pairs in, 46 

secondary, 3, 126, 132, 164, 193, 231- 
246 


extent and amount of, 231 
formation of, 186, 187, 196, 197 
ontogeny of, 189, 196 
periderm in, 249, 254 

“pockets ''of,incrotch angle, 198, I99 
rays in, 205, 241-242 
in roots, 286 


seasonal rings in, 243 
structure of, 232-236, 238 
{See also Companion cells; Proto- 
phloem; Sieve element) 
Phloeoterrna, 159 

Phlox, floral apex of, 71 

leaf and branch traces in, 144 
Phoenix, fruit of, 361 

plasmoclesmata in endosperm of, 35^ 3$ 
root-stem transition in, 296 
seed of, 376 
Phoradendron, 393 
Photosynthesis, 169, 332 

in leaf, 317 
in phelloderm 252 
in stem, 386, 386, 387 
Phragmoplast, 24, 26, 27, 119 
rings, 26, 26 


Phnjma, hairs on corolla of, 170 

Phyllocladus, leaf-like bran’chlets in 317 
Phyllode, 317, 333 ’ 

Phyllotaxy, 318-319 

leaf traces showing, 163 

^ shape of pith showing, 154 

Phylogeny, of eambial cell tvpes 192 
of fiber, 93 

of herbaceous stc.n in anRiospenns, 300 

Of parenchyma, 82 

of phloem, 103 

of sieve tubes, 107 

of siphonostele, 142 

of venation, 334 

of vessel, 95, 98 
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Phylogeny, of vessel perforation, 102 
of xylem, 92, 93, 129 
Physocarpus, ovary of, 364 
Physostegia, fusion in calyx of, 347, 348 
Phytelephas, “horny” endosperm in, 376 
Phytolacca, lignified vessels in, 225 
Picea, leaf of, 387 

spruce gum from, 246 
wood of, 206, 213, 215, 217, 223 
Pilea, collenchvma in, 85 

primary vascular system in, 149 
Pineapple (see Anoftas) 

Piiiguicula, glandular hairs on leaf of, 116, 
117 

petal of, 368 

Pinas, absence of wood parenchyma in, 
102 

buried branch bases in, 199 
cambial cells of, 190 
cell division in, 26 
checking of cell wall in, 44 
compression wood in, 228 
dormant phloem in, 245 
endodermis in, 169 
intercalary meristem in, 66, 323 
leaf of, 386, 387 
pit-pairs in, 41, 46 
resin canal in, 8, 116, 118 
rhytidome of, 256 
secondary phloem of, 236, 240, 241 
secondary xylem of, 218, 219, 225 
stem apex of, 72 
tannin in, 21 
tracheids in, 91 
Piper, anomalous stem in, 310 
endodermis in, 161 

Piperaceae, medullary bundles in, 314 
Pistia, root apex of, 78 
Pisuin, phloem in, 238 
starch in cotvledon of, 21 
stem of, 302, 303 
stipules in, 317 
vascular bundles in, 308 
Pit aperture, 38, 40 
inner and outer, 39, 47 
Pit canal, 39, 47 
Pit cavity, 38, 40 
Pit chamber, 39, 47 
Pit-helds, in sieve elements, 107 
primary, 28, 188 


Pit membrane, 38, 39, 41 

formation of t^doses by, 220, 221 
penetrability of, 226, 227 
perforations in, 39, 41, 90, 92 
Pit-pairs, 38-48 
parts of, 38, 47 
types of, 38 

bordered, 38, 39, 40, 41 

variations in size and structure of, 

42, 43-47 

half-bordered, 38, 39, 46 
simple, 38, 39, 42, 46 
clustered, 44 
vestured, 44 
(See also Pits; Pitting) 

Pith, 2, 3, 68, 123, 126, 155-157 
crvstals in, 20 
diaphragmed, 155-156 
duration of, 156 

effect of cand)ial activity on, 180 
extrastc'lar versus stelar, 142 
form of, 163, 154 
in fruit, 369 
hollow, 156 

in monocot stem, 299, 301 
ontogeny of, 155 
parenchyma in, 83 
of roots, 156, 282 
structure of, 155 
tannin in, 21 

Pith ray (see Xylem, rays) 

Pith-ray flecks, 228 
Pits, 37-48 
blind, 12, 42 
cribriform, 48 
in fibers, 87 
formation of, 28 
fused, 86, 89 
in phloem. 111, 112 
in primary and secondary walls, 42 

primordial, 28 
in sclereids, 89 
in vessels, 95 

simple and bordered, 38, 39 
vestigial, in librifonn wood fibers, ^ 

(See also Pit-pairs) 

Pitted cell, in abscission zone, 273 

of rnetaxvlem, 133 

% f 

of phelloderm, 252 

(Sec also Pit -pairs: Pits' 
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Pitting, reticulate, 273 
scalariform, 92, 273 
unilateral compound, 42 
{See also Pit-pairs; Pits) 

Placenta, in fruits, 368 
vascular supply of, 355 
Placentation, 356 

Plant bodj’’, cellular cornj)l(*xity of, 7 
constitution of, 4 
fundamental parts of, 1. 2, 123 
meristems in, 64 
primary, 3, 123, 175 

primary’’ secondary, 137/i, 175 
sccondarv, 204 

w 7 

Plantaginaceae, seed coat in, 372 
Elan logo, endodermis in leaf of, 161 
intercalary nieristem in, 66 
seed coats of, 370 
Plasma membrane, 6, 13, 24 
Plasmodesmata, 6, 28, 35, 36, 37 
Plastids, 10, 13, 14, 16 
Plata nus, bark of, 260 
hairs on leaf of, 170 
pit-pairs in, 46 
sclereids in, 241, 246 
stem of, 298 
wood of, 226 
Plerome, 68, 76 

PodocarpuSy fungus erosion in cell wall of 

44 

wood parenchyma in, 216 
Podophyllum, primary phloem in, 132 
Polemoniaccae, seed coat of, 372 
Pollen grain, wall of, 49 

Polygonaccae, placental bundles in, 356 
Polygonatum, root of, 282 
stomata in, 168 
Polygonella, leaf of, 387 
stem of, 385, 387 
I oly podium, endodermis m, 169 
vascular bundles in, 306 
Pomegranate (see Punica) 

Ponlcderia, air chambers in 390, 391 
Poppy (see Papavx*raceae) 

Populus, abscission in, leaf, 269, 270 
stem, 271, 272, 273, 274 
cambial initials in, 191 
<Tystals in, 20 
periderm of, 249, 255 
F)etiole of, 329 


Populus, phellogen hi, 253 
phloem of, dormant, 245 
hbers in, 241 
lattices in, 105. 236, 237 
secondary, 232 

sieve plates in, 105. 236 
pith of, 154 


primary vascular cylinder of, 149, 153 
root of, 281, 284 

root germs in, 290 


wood of, 210, 225, 226 
durability of, 226 
hcartwood in, 223 
pit-pairs in, 43 
rays in, 210, 217 
secondary, 210, 225, 226 
specihe gravity of, 225 
tyloses in, 210, 220 
Portulaca, tyloses in, 222 
Potamogeton, hydrophyte, 388 
leaf of, 389, 390, 392 
stem of, 389 

Potato {see Solanum tuberosum) 
Potentilla, achenes of, 367 
phloem-ray cells of, 242 
Primary body, 123, 175 

effect of cambial activity on, 180 
versus secondary body, 137/f 

Primary cell wall, chemical changes in 34 
formation of, 24 ’ 

pits in, 42 

structure of, 28, 29, 30, 34 
{See also Cell wall) 

1 rimar}' protective laver, 267 269 

Primarytissues, 123, 127 

cell arrangement in, 130, 137 
effect of cambial activity on, 180-181 

vascular, 68, 126-127, 128, 129-140 
296 ’ 

Primulaceae, roots in, 291 
IV<,,aml.mm, (12, (17, 126, 126, 127, 131. 

Prcnoristoin, (11, 68, 124, 126, 127 
1 roplastids, 14, 15 
Proscnchyma, 83 


Protective layers, of abscis.< 
268, 269 

in monocots, 260 


ission zone, 267, 


Protein granules, 13 
Protoderm, 67 
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Protophloem, 129, 131 
elongation of, 134 
fibers in, 111, 131 

in meristeinatic regions, 66, 77, 126 
Protoplast, 12, 13, 10 
Protoxylem, 129, 130, 132, 136, 136, 143 
annular element in, 130, 133, 134, 136, 
136 

rings of, 48, 132 
elongation of, 134 
lacunae in, 136, 136 
in meristeinatic regions, 06, 77, 126 
ontogeny of, 136 
reticulations in, 48 

scalariform elements in, 119, 130, 133 
spirals in, 30, 48, 132, 136 
vessels in, 134 
Prov^ascular meristem, 126n 
Provascular tissue, 126n 
Pruning, 199, 200, 208 
Primus, abscission of leaves in, 268 
‘‘annual rings” in, 256 
fruit of, 363, 364-367 
gummosis in, 228, 229 
periderm of, cork cells in, 250 
formation of, 255 
lenticels in, 264, 266, 266 
sieve tubes in, 107 
wood of, 227, 228 

Pseudotsuga, compression wood in, 228 
Psilotaceae, apical cells in, 67 
Pteridium, bundle arrangement in, 152 
medullary bundles in, 314 
sieve element in, 106 
vessels in, 98 

Pteridophytes, apical cell in, 65, 67 
leaf traces in, 147 
origin of lateral roots in, 287 
phloem in, 104 
sieve areas in, 105 
primary body only in, 175 
primary type of endoderinis in, 159, 
161 

protoxylem in, 133 
roots m, 291 

vascular supply of leaves in, 326 
Pteris, root apex of, 76 
Pteropsida, leaf gaps in, 145 
Ptcrospora, seed of, 372 
Pulvinar band (or swelling), 53 


Punica, seed of, 372, 375 
Pyrola, flower of, 343, 346 
ovary of, 364 

Pyrus, cambium in, 189, 190, 191 
fruit of, 362-368 
obliteration of sieve tubes in, 245 
routings of, 290 
scale bark of, 269 
sclerenchyma in, 86, 364 

Q 

Quercus, abscission in, inflorescence. 275 
stem, 271, 274 
bark of, 258 
cambial cells in, 194 
leaf in, 328 

leaf traces in, 163, 154 
phloem of, fibers in, 246 

obliteration of sieve tubes in, 245 
parenchjmia in, 110 
sclereids in, 110, 246 
tannin in, 22 

traces to lost petals in, 356 
wood of, 211, 214, 215 
durability of, 222 
gelatinous fibers in, 94 
libriform fibers in, 94 
parenchyma in, 102, 211 
rays in, 211, 217, 218 
silver grain in, 227 
specific gravity of, 225 
tracheids in, 91 
tyloses in, 211, 220 

vessels in, 96, 98 ,, 

Quercus suber, cork of, “annual rings 

in, 256 

commercial use of, 267, 258 
elasticitv of, 252 
formation of, 250, 261 
lenticels in, 266 
phellogen in, 253 
Quince {see Chaeriomeles) 

Quinine, 246 

R 

Radial bundles, 139 

Radial dots, 158, 169 

Ramular traces {see Branch traces 
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Ranales, secondary phloem in, 237 
traces to stamens, 343 
vessels lacking in, 216 

Kanunculaceae, floral organs of, 342 
fruit of, 362 

medullary bundles in, 314 
seed coat of, 372 
traces of lost ovules in, 356 
vascular bundles in, 307 
Ranunculus, achenes of, 367 
companion cells in, 239 
medullary ray in, 205, 208 
primary phloem in, 132 
primary skeleton in, 149, 177 
root of, 281, 282 
liaphides, 19, 20, 364 
Raspberry {see Ruhus) 

Ray cells, ‘‘dentations” in, 46 
initials of vascular, 187, 191 
marginal, 220 

conterminous and interspersed, 220 
pit-pairs in, 44, 46 
Rays, interfascicular, 149 
vascular, 191, 195 
absence of, 208 
aggregate, 217 
compound, 217 
formation of, 205 
{See also Xjdem, rays) 

Receptacles, in flower, 345, 346, 364 
in fruit, 369 

Reduction of vascular supply, 356 
in flowers, 348, 356, 367 
in hydrophytes, 391, 392 
in parasites, 393 
in saprophytes, 394 
in xerophytes, 387 
Redwood, 228 

Reseda, cohesion of carpels, 360 
"-^tesin, 19, 50 

in buried branch bases, 199 
canal, 116, 386 
ducts, 118 

m gymnosperms, 216 
in heartwood, 223 
in phloem parenchyma, 246 
in tyloses, 220 
in xylem, 103 

Rhamnus, traces to lost petals in, 356 
Rheum, petiole of, 330 


Rhizomes, endodermis in, 169 , 161 
metaxylem in, 130 
in saprophytes, 394 

Rhododendron, xerophytic leaves of, 385 

Rhus, tyloses in, 221 

Rhytidome, 266 
formation of, 263, 254 
in monocots, 261 
in roots, 291 

Rihes, phellogen in pericj’cle of, 254 
root germs in, and rooting of 290 

Rims of Sanio, 49 ’ 

Rings, in protoxylem, 136 

Rise of sap, 103 

Rohinia, cambium in, 188, 190, 194 

ontopny, of secondary vascular tissue 

m, 196 


phloem of, fibers in. 111 
parenchyma in, 110 

secondary, 236, 236, 239-241, 245 
sieve element in, 106 
simple sieve plate in, 237 
wood of, clustered vessels in, 215 
durability of, 222, 226 
multicellular” tyloses in, 221 

1, 2, 123, 277-283, 284, 285-291 
adventitious, meristem of, 123 
origin of, 157, 289 
annular element in, 284 
anomalous structure in, 313, 314 315 
apex, 63, 65, 74, 76-77, 78, 131 
cambium in, 119, 176, 179’ 
monocot, 201 
time of activity of, 195 
cortex of, 280, 283 
endodermis of, 160, 161 
epidermis of, 166, 167 

lateral, formation of, 286, 287, 288, 289 
initials of, 163 

pericyclic origin of, 277, 287 
lenticels in, 263, 265 
morphology of, 278 
ontogeny of, 279 
pericycle in, 157 
periderm in, 255, 281, 290, 291 
phloem in, first-formed, 128 

pith in, 156 
primary, 278 

primary vascular tissues of, 140, 283 
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Hoot, in saprophytes, 394 
secondary, 278 

secondary growtli in, 286, 286 
stele of, 142, 282 
versus stem, 277, 293 
structure of, 281 
xylem in, exarch, 129, 277 
first-formed, 128 
metaxylem in, 130 
Hoot cap, 74, 76, 77, 78, 277, 279 
Hoot germs, 289, 290 
Hoot hairs {see Hairs) 

Hootings, 290 
Rosa, ovary of, 353, 364 
Hosaceae, flower of, fusion in, 351 
organs of, 342 
traces to lost ovules in, 356 
fruit of, epidermis in, 362 
leaf traces in, 148 
sieve tube in, 107 
wood of, chloroplasts in, 16 
pith-ray flecks in, 228 
Hoyal palm {see Roysforud) 

Roystonia, persistent periderm in, 260 
Hubber, 19 

in secondary phloem, 246 
latex, a source of, 118 
Rubus, fruit of, 362, 364, 365, 369 
hairs on fruit of, 170 
ovary of, 364 
rootings of, 290 
Ruellia, seed coat of, 374 
Rumex, collenchyma in, 85 
cuticle on stem of. 53 
tyloses in, 222 

Hupture, of endodermis in lateral root 
formation, 287 

of epidermis after i)eri(l(‘rm formation 
253 

of leaf traces, 184 

of outer tissues after jx'riderin forma- 
tion, 254 

Hussian dandelion (see Taraxacum hok- 
saghyz) 

Hutaceae, traces to lost carpels in, 356 

8 

Sabal Palmetto, vascular bundles in, 306 
Sagittaria, petiole bundles in. 329 
Saintpaulia, rootings of, 290 
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Salicornia, fleshy xerophyte, 388 
Salix, abscission in, inflorescence, 275 
leaf, 270 
twig, 275 

cambial initials in, 191 
leaf traces in, 148 
periderm of, 249 
lenticels in, 265 
phloem of, crystals in, 20 
fibers in. 111 
parenchyma in, 110 
secondary, 236, 241, 242 
sieve plates and lattices in, 107 
root of, 282 
lateral, 288 

root germs and rooting, 290 
traces to lost petals in, 356 
wood of, marginal ray c('lls in, 220 
pith-ray flecks in, 228 
pit-pairs in, 46 

Salvia, fusion of calyx of, 347, 348 
Sambucus, collenchyma in, 85 
phloem parenchyma in, 240 
Sansevieria, development of fibers in, 88 
Santalaceae, ovary in, 353 
Sapodilla (see Achras) 

"Capote ( see C a I oca rpu m ) 

Saprophytes, 393, 394 
Sarraceriia, digestive glands of, 117 
Sassafras, oils in secretorv cells of, 115 
wood of, fusiform parenchyma cell in. 

94 

marginal ray cells in, 220 
tyloses in, 221 
Scale bark, 254, 269 
Schizata, persisttmt root hairs in. 280 
Schizogenous ducts. 1 16 
Schizog(‘nous s})ac(‘s S 
Schizolysigenous spaces, 8 
Scirpus, primary vascular systcan in. IbO 
vascular bundles in, 306 
Sclercids, 86, 88, 89, 110, 111 

conversion from parenchyma, 51, 

112, 258 
in cortex, 163 
in fruits, 364, 366, 367 
in leaves, 331 
in phelloderm, 252 
pit-j)airs in, 42, 46, 89 
in s(*condary phloem, 241 
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Sclereids, types of, astrosclereids, 89 
brachysclereids, 89 
macrosclereids, 89 
osteosclereids, 89 
trichosclereids, 89 
Sclerenchyma, 82, 86, 87-89 
. crystals in, 246 

I in fruits, 363, 364, 366-368 

in gymnospcrms, 241 
in hydrophytes, 391 
in leaves, 330, 331, 336 
in parasites, 393 
in roots, 282 
in saprophytes, 394 
seasonal bands of, 243 
in seed coats, 374, 375 
sheath, 306 

in xerophytic leaves, 382, 383, 384, 386, 
387 

{See also Fibers; Sclereids) 
Sclerification, of secondary phloem, 246 

of secondary pliloem and cortex, 258 
— ^'^'^clerotic cells, 88 

Scrophulariaceae, fruit of, 362 
traces to lost stamens in, 356 
Seasonal rings in secondary phloem, 243 
Secondarv bodv, 123 
origin and development of, 175-202 
versus primary body, 137a 
Secondary cell wall, chemical changes in 
34 

erosion by fungus hyphae in, 44 
formation of, 24, 29 
microscopic checking of, 44 
minute structure of, 31, 33, 34 
pits in, 42 

protoxylem-like thickenings in, 48 
with tertiary spirals, 30 
Secondary cortex, 163, 252 
Secondary endodermis, 158, 159 
Secondary’’ growth (see Growth) 

Secondary meristems, 63, 248, 312 
Secondary phloem (see Phloem) 

Secondary tissues, 123, 175 
cell arrangement in, 136, 137 
cork, 123, 175 
in monocot stem, 202 
ontogeny of, 194, 196 
in roots, 281, 286, 286 
in stems, 297 


Secondary tissues, vascular, 175 
d xylem (see Xylem) 

Secretory cells, 114, 115, 116 
mucilage in, 116 
oils in, 115 
in pcricycle, 158 
Secretory chamber, 358 

tissue, 114, 116, 116-118, 119. 

120 

Section, planes of, 4, 5 

Securidaca, anomalous stem in, 310 

Sedges, mineralization of cell wall in, 50 
Seduni, 388 ’ 

Seed coats, 361-369, 370, 371, 372-374, 375 
Seedlings, endodermis in, 161 

1 ^3 xylem of, 239 
Seeds, 369-376 

aleurone grains in, 22 
embryo and endosperm, 370, 376 
gelatinous cell wall in, 49 
macrosclereids in, 89 
nitrogenous inclusions in, 22 
osteosclereids in, 89 
plasmodesmata in endosperm of, 35 
vascular bundles in, 372, 376 
wall of epidermal cells of, 34 
Segmentation of apex, 67 
Selaginella, apical cells in, 67, 76 
stem apex of, 72 
vessels in, 98 

Senecio, fusion in corolla of, 348 
Sepal, 356, 359 
trace, 342 

Separation layer, 267, 269 

gelatinous cell wall in, 268 

Sequoia, inclusions in heartwood cells of 
19 

microscopic checking of tracheid wall 
in, 44 

perforated pit membranes in, 90 
stem apex of, 70, 71, 72 
wood of, 207, 216 
durability of, 226 
specific gravity of, 225 
Serjania, anomalous stem in, 310 
Shagbark hickory {see Carqa) 

Shell bark, 254 
Sieve areas, 105 
Sieve cell, 104, 109, 232, 237 
{See also Sieve clement) 


422 


AN INTRODUCTION TO PLANT ANATOMY 


Sieve element, 103, 104, 106 
functioning life of, 245 
ontogeny of, 107-108, 127, 131 
{See also Sieve cell; Sieve tube) 
Sieve field, 107 

Sieve plate, 105, 106 , 232, 236 , 237 
Sieve tube, 103, 104, 107. 232, 236 , 237, 
238 

duration of, 108 
formation of, 189, 196 
obliteration of, 108, 109 

ontogeny of, in root tip, 77 
phylogony of, 107 
in root, 119 

{See also Sieve element) 

Silica, in cell wall, 50 
Sinocalamys, stem apex of, 70 , 73 
Siparuna, wall of fiber-tracheid in, 31 
Sisal, 88 

Skunk cabbage {see Symplocarpys) 

Slime plugs, 104, 236 
Stnilacina, raphides in fruit cell, 20 
S frill ox, endoderniis in, 160 
root of, 282 

Solanaceae, fruit of, 364 
internal phloem in, 305 
Solanum Dulcamara, periderm in, 249 
phellogen in, 253 
stem of, 302 

Solanum tuberosum, cambial initials in, 
191 

collenchyma in, 84 , 85 
nitrogenous inclusions in tuber of, 22 
periderm of tuber in, 262 , 261 
phellogen of tuber in, 253 
phloem of, companion cells in, 239 
internal, 306 
primary, 232 
sieve elements in, 106 
primary vascular system in, 161 
starch in tuber of, 22 
stomata in, 168 
Solidago, collenchyma in, 85 
Sorb us, ovar\' of, 364 
Sparganium, adnation in, 355 
Sparlina, leaf of, 383 , 384 
Spiraea, ovary of, 364 
petiole bundles in, 329 
stomata in, 333 


Spiral elements, in primary' xylem, 130, 
133 

of roots, 284 
Spiral thickenings, 30 
Spondias, fruit of, 367 
Spores, wall of, 49 
Stalace, 279 
Stamen, 359 

reduction of bundles in, 356 
trace of, 343 
trace to lost, 356, 360 
Starch, 13, 21 , 22, 83 
in endodermis, 158, 162 
in fruits, 365 
in guard cells, 169 
in phelloderm, 252 
in phloem parenchyma, 110, 113, 244 
in roots, 278 
in seeds, 376 
in tyloses, 220 
; in x\dem, 103 
Stele, 1, 140-142 
in flower, 342 

in herbaceous stems, 154, 299 
in hydrophytes, 389 
monocot, 299 , 301 
in roots, 282 , 284 
types of, monostele, 141 
poly stele, 141 

protostele, 140, 141 , 142, 281 , 284 
siphonostele (or solenostele), l-lfl» 

141 , 142 

amphipliloic, 141, 142, 304 
ectophloic, 141, 142 
in vine stems, 302, 303 
in woody stems, 298 
Stellaria, stem of, 299 
Stem, 1, 2 , 123, 293-315 
abscission of, 271-275 
adventitious, 123, 157 
anomalous structure in, 309, 310 , 311. 

312, 313 , 314 , 315 

apex, 60, 63, 65, 69 - 71 , 72, 126 , 131 

cambium in, 178, 195 
cortex of woody, 164 
cuticle on, 61 , 53, 54 
endodermis in, 157, 169 , 161 
epidermis of, 166 
hairs on, 170 
of hydrophytes, 389 , 390 
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Stem, intercalary meristem in, 66 

of microphyllous xerophytes, 386 , 387 
origin of, 293 
pericycle in, 157 
periderm of, 249 
formation in woody, 253 
lenticels in, 262, 264 , 266 
^ phloem of, fibers in. 111 

first-formed, 128 
internal, 306 
secondary, 238 

primary vascular system in 139 142 

161 , 163 

root-stem transition, 293-296 
of saprophytes, 394 
sclereids in, 89 
stomata on, 169 
types of, 296-302 

herbaceous, 297, 298, 299 , 300, 303 
304 


Stretching, of protoxylein cells, 129, 136 
{See also Elongation) 

Striations, of cell wall, 3 
StrychnoSy interxylary phloem in, 311 
Suberin, in cell wall, 32, 49 
Suberin lamella, in monocots, 260 
in phellem, 252 

Suborization, of cell wall, 34, 49, 252 2fi() 
Substitute fiber, 94 
Sumach (see Rhus) 

Sun scald, 196 
Swieteniay heart wood in, 223 
inclusions in cells of, 19 
septate fiber-tracheid in, 94 
Symbiosis, 394, 395 
Symplocarpus, venation of, 334 
Syncarpy, stages in, 394 

Syringoy inflorescences lost bv weather- 
ing, 275 


4 

A 


monocot, 299, 301, 302 
vine, 302, 303 
woody, 297, 298 
versus roots, 277, 293 
xylem of, 129 
first-formed, 128 
protoxylem in, 136 
(See also Cortex; Periderm; Phloem 
Primary body; Xylem) 

Stem bundles, 152 
Stigma, bundles in, 359 
Stipules, 317 

ontogeny of, 321 


^ * ^vascular supply of, 144, 147, 326 

/^mata, 166-167, 168, 169, 333, 338 
accessory cells of, 167, 170, 386 
on fruits, 362 
on petals, 359 


on stamens and carpels, 360 
on xerophytic leaf, 383, 384, 386, 387 
on xerophytic stem, 386, 386, 387 
Stomatal opening (or aperture), 167 
Stone cells (see Sclereids) 

Storied cambium, 190, 202 
Storied cork, 260, 261 
Strawberry' (see Fragaria) 

Streptopus, adnation in, 355 
Stretching, of cork cells, 252 
of phloem, 244 



-Tannins, 19, 21, 32, 50 
in autumn color, 18 
in endodermis, 158 
in epidermis, 165 
in fruit, 362, 363, 365 
in heartwood, 223 
in phloem parenchyma, 110, 246 

^ ^ in xerophytic leaf, 383 , 384 ' 

Taraxacum, ehronioplasts in corolla of 16 

collenchyma in, 85 
intercalary meristem in, 66 

Taraxacum kok-saghyz, clnbiu.n rcRion 

in, 119 ^ 

Taxodiutn, stem apex of, 72 

parenchyma in, 


Tecomuy absence of lenticels in, 262 
internal phloem in, 304 
l ephrosia, stele of root in, 284 
Tertiary spirals, 30 

retraccntraceac, absence of vessels in, 98 
i nirLouiay anomalous stem in, 310 

I huja, diffuse wood parenchvma in 216 
phellogen in, 254 ’ 

phloem fibers in, 24 1 

phloem rays in, 242 

primary vascular system of, 160 
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Thuja, woody stem of, 297 
Tilia, adnation in, 355 
crystals in, 20 
fibers of, 112 

secondary phloem in, 237, 240, 242, 245 
vessel of, 30 
wood of, 216, 225, 226 
Tiliaceae, “bast” in, 246 
seed coats of, 371 
Tillandsia, hairs of, 388 
Timber, durability of heart wood, 223 
penetrability of p;reen and seasoned, 
226, 227 

structure of, 204 
value of sapwood as, 224 
{See also Wood) 

Tissue initiation, 60 
Tissue systems, absorbinp;, 113 
epidermal or tegumentary, 114 
fundamental or ground, 114 
mechanical, 113 
storage, 113 
vascular, 114 
Tissues, 3, 4 

classification of, 81 

kind of constituent cells, 82 
stage of development, 81 
complex, 82, 89-113 
interfascicular, 312 
intermediate, 312 
permanent, 61, 82, 124 
secretory, 114 
simple, 82-89 

{See also Primarv tissue's; Si'condarv 

^ ^ « 

tissues) 

Tobacco {see \ icotia/ia) 

Todea superba, chloroplasts in, 16 
Toiriato (see Lycopersicon ) 

;-^Xar«s, 38, 39, 40, 41 
^^;2^Tabeculae, 48 

Traces (see Branch traces; Leaf traces) 
v'>'^>achea, 97, 134 
. Tracheid, 90-93, 91 

erosion by fungus hyphae in wall of, 44 

first-formed, 127 

gelatinous wall in, 95 

microscopic checking in wall of, 44 

pit-pairs in, 40, 43, 46, 90, 92 

in protoxylem, 132, 133 

scalariform-pitted, 92 


Tracheid, in secondary xylem, 194, 216, 
219 

tertiary spirals in, 30 
trabeculae in, 48 

Tradescantia, primary vascular system of, 

160 

stamen hair in, 17 
Tragopogon, latex vessel of, 116 
Trailing arbutus (see Epigoea) 
Transfusion cells, of endodermis, 158 
Transfusion tissue, 113, 387 
Transition cell, 327 
Transition region, 278, 293-296, 294 
Traumatic tissue (see Wound tissue) 
Trichomes, 170 

Trichostema, fusion in cah^x of, 347 , 348 
Trifolium, stem of, 299 
vascular bundles in, 308 , 318 
Trillium, stem of, 299 
Triticum, stem of, 299 
stem apex of, 73 

Trochodendraceae, absence of vessels in, 

98, 216 

Trollius, follicle of, 367 

Tropaeolum, root-stem transition in, 296 

Tsuga, sclereids in, 241 
sclerenchyma in, 86 
sieve element of, 106 
tannin in phloem of, 22 
terminal wood parenchyma in, 216 

Tunica, 69, 70, 73, 74 
Tunica-corpus theory, 69-74 
TjMoses, 220, 221, 222 

Tylosoids, 221 . 

Typhaceae, secondary suberization o 

cortical cells in, 260 

U 

Ulmaceae, sieve tubes in, 107 
rimus, bark of, 258 
cambium of, 188 , 189 , 190, 191 

phellogen in, 253 
phloem of, lattice in, 237 

simple sieve plate in, 236, 237 
slime plugs in, 236, 237 
phyllotaxy of, 154 
pith of, 154 
stem of, 250 

abscission in, 271, 274 
wood of, clusten'd vessels in, 21 a 
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(^ImuSj wood of, ring-porous, frontis- 
piece 

strength and pliability of, 226 
wet heartwood in, 223 
Umbelliferae, leaf traces in, 148 
medullary sheath in, 156 
oil ducts in, 118 
seed of, 371 

traces to lost ovules in, 356 

Unisexual flowers, vestiges of lost organs 
in, 356 

Urtica, stinging hair of, 116 
Urticaceae, cystoliths in, 50 
fibers, size of, 9 

nonarticulate latex ducts in, 120 
vestigial floral traces in, 356 
(Uricularia, leaf of, 390 

V 

Vaccimufn, cuticle on stem of, 61 
fruit of, 361, 362, 365, 368 ' 
ovary of, 364 

seed coats of, 370 
Vacuoles, 7 , 10, 17 , 26 , 61 
Vacuoine, 17 

V^alenanaceae, traces to lost carpels in 
356 

Vascular bundles, 305-309, 306 , 308 
definition of, 138, 309 
of flowers, fusion in, 347-361 
in organs, 367 , 359-361, 366 
in placenta, 355 
in stigma, 359 
vestigial, 360 
in hydrophytes, 389 , 392 
in pericarp, 362 
of leaf, 322 , 327 
inversion of, 336 
xerophytic, 386 , 387, 388 
protoxylem in, 130 

secondary growth in monocots, 301 
of seeds, 376 

types of, amphicribral, 139 , 140 306 
325, 359 

amphivasal, 139 , 140, 306 
bicollateral, 139 
cauline, 161 , 152, 163 
collateral, 139 , 306 , 307, 308, 325 
common, 151, 152 


Vascular bundles, types of, concentric, 

139 

cortical, 314 
occurrence of, 139 

(See also Branch traces; Leaf traces; 

“Medullary” bundles) 

\ ascular cjdinder, primary, 143 , 146 , 

146, 148, 149 , 160 , 152, 163 , 164 ,' 
177 , 296 

secondary, 177 , 297 
Vascular floral skeleton, 342-360, 366 
fusion in, 347 - 361 , 364 , 355 
inferior ovary, 362 , 353, 364 
in organs, 367 , 359, 360 
placental supply, 355 
reduction of, 356, 367 
vestigial vascular tissue in, 356 
Vascular skeleton, primarv, 140-142 
143 , 144-148, 149 - 161 , 152-154 
(See also V’^ascular floral skeleton 1 
Vascular system, primary, 160 , 161 
of monocots, 301 
of root, 284 
V^ascular tissues, 1 

in leaf, 323, 324, 326-327. 329 
in parasite and host, 394 

primary, cell arrangement in, 136 
in roots, 282, 283 
in root, 277 

secondary, ontogeny of, 194, 196 
in roots, 286 
V^ein islets, 318 , 322 
Veins, 320 , 322 , 326, 327 
Velamen, 48, 291 
Venation, 318, 334 
Veratnan, cambium in, 201 
secondary growth in, 302 
Verbascutn, color in corolla of, 18 
Veronica, stem of, 299 
Vessel, 95-102, 96 , 99 , 100 
clustered, 215 

element, member, or unit, 97 
in Gnetales, 216 

ontogeny of, 99 , 100 , 101-102, 194, 196 
perforations in, 97, 99 , 100 
pit-pairs in, 43, 44 

in primary xylem, 127, 132, 133 
in secondary xylem, 216, 217 
segment, 97 
tertiary spirals in, 30 
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Viburnum^ druse in, 20 
phellogen in, 253 

Vicia^ plasmodesmata in root of, 36 
Vinca^ stem apex of, 71, 73 
Vines, “medullary rays” of, 303, 304 
stem type, 302, 303 
woody stem of, 298 
Viola, seed coat of, 370 
Violaceae, seed coats of, 371 
Visciun, half parasite, 393 
Vitis, absence of lenticels in, 262 
fruit of, 362, 364 
periderm in, 255, 256 
“ring bark ” of, 260 
stem of, 302 
veins in leaf of, 322 

W 

Waldsteinia, follicle of, 367 
Water pores, 117 
Water stomata, 117 
Watermelon {see Citrullus) 

Wax, 54, 374, 382, 383 
Wax palms, 54, 383 

feathering, inflorescences lost by, 275 
leaves lost by, 339 
of outer tissues, 263 
phloem lost by, 231, 244, 266 

Welwitschia, intercalary meristein in, 323 
Willow {see Salix) 

Winteraceae, absence of vessels in, 98 
Wood, of angiosperins, 216 
of commerce, 204 
compression, 228 
diffuse-porous, 210, 212, 214 
durability of, 222, 225-226 
earl3% 209 
fall, 209 
fibers, 94 

fibrils in wall of, 32 
libriform, pits in, 47 
pit-pairs in, 43, 46 
wall structure of, 34 
of gymnosperms, 216 
heart wood, 200, 223-224 
durability of, 223 
penetrability of, 227 
tv^oses in, 222 


Wood, impregnation of, 41, 224 
late, 209 

light and heavy, 213, 224, 225 
parenchyma, 102, 103 
in crotch angle, 198 
crystals in, 20 
distribution of, 216 
fusiform, 94 

in gymnosperms and angiosperms, 
216 

metatracheal, 216 
ontogeny of secondary, 194 
paratracheal, 216 
simple pit-pairs in, 44 
terminal, 216, 216 
vasicentric, 216, 216 
wood-ray, 102 
penetrability of, 226-227 
properties and uses in relation to 
microscopic structure, 224 
ring-porous. Frontispiece, 211, 214 
^sapwood, 200, 223, 224 

penetrability of, 227 ^ 

tyloses in, 222 
specific gravity of, 225 
spring, 209 
strength of, 225 
summer, 209 

{See also Grain in wood; Timber; 
Xylem) 

]Voodwar(lia, tracheid of, 91 
Woody plants, abscission of sterns m, 

271-275 

gummosis in, 229 
periderm in, 255 
roots of, 281, 284 
secondary pliloem in, 231 
stomata in, 169 
Woody stems, 297, 298 
Wound cork, 262 
^^^Vound roots, 289 

Wound tissue, adventitious roots aii 
sterns from rneristeni in, 123 
cambium growth about wounds, 2 

201 

rnei'istems in, 63 
pith-ray flecks in, 228 
tyloses in, 222 
Wrightia, seed coat of, 374 
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X 

% 

XanthiuTTif fusion in corolla of, 348 
Xanthophyll, 18 

-Xerophytes, 380-381, 382, 383, 386, 386, 
387-388 

accessory cells in, 167 
endoderinis in leaves of, 161 
fleshy, 383, 388 

leaves of, 337, 382, 383, 384, 386, 387 
lignification and cutinization in, 382 
malacophyllous, 383, 388 
microphyllous, 386, 386, 387 
sclerophylloiis, 383, 384 
stem of, 386 
stomata in, 333 
trichophyllous, 384 
vessels lacking in, 98, 216 
Xylem, 2, 82, 90-103 
in abscission zone, 273 
centrifugal development in, 128, 129 
centripetal development in, 128, 129 
elements, 133 

endarch, 128, 129, 131, 137 
exarch, 128, 129, 131, 137, 277 
in leaf, 324, 326-327 
mesarch, 128, 129, 131, 137 
metaxylem, 130, 131, 133 
mother cell, 186, 194 
ontogeny of, 127 
in root, 77 
parenchyma in, 83 
primary, 3, 123, 126, 127 
effect of cambial activity on, 180 
order of maturation in, 128, 130 
131-140 
types of, 137 
rays, 205 

heterogeneous, 217 


Xylem, rays, homogeneous, 217 
multiseriate, 217 

pit-pairs in, 46, 204, 205, 217-220 

219 


tracheids in, 218-220 
uniseriate, 217 


secondary, 3, 325, 164, 204-205, 206, 
207, 210-213, 219, 220-229 
developing and mature, 186, 187 
193, 196 

gross structure of, 204-214 
histological structure of, 214-224 
^.in roots, 284, 286 
4yloses, in, 220-222 


{See also Protoxylem; Tracheid; 
Vessel; Wood; 


V 

Yucca, cambium in, 201 
secondary growth in, 302 



Zamia, stem apex of, 70 

Zea, aleurone grains in endosperm of 23 
leaf of, 328 ’ 

leucoplasts in, 16 
parenchyma in, 83 
proplastids in, 14 
protoxylem in, 136 
seed coat in, 371 
stem of, 299 
stomata in, 168 
vascular bundles in, 307 
vessel elements in, 98, 100 
Zingiber, oils in secretory' cells of, 115 
Zizyphus, fruit of, 363, 366 
Zonation in meristems, 71 
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